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Abstract

New mass spectrometric techniques have been developed for the precise and accurate determination of Te isotope compositions. The
methods are suitable for the analysis of stony and iron meteorites as well as sulfide mineral separates, such that they can be applied to search
for Te isotope anomalies in various solar system materials.

Tellurium is first separated from its matrix with a two-stage liquid chromatographic procedure. For iron meteorites, solvent-extraction is
used to isolate Te from Fe prior to the column separation. The isotope composition of Te is then determined by multiple-collector inductively
coupled plasma-mass spectrometry (MC-ICPMS). Tellurium has a very high first ionization potential and thus MC-ICPMS is much more
suitable for the isotopic analyses than positive ion thermal ionization mass spectrometry (TIMS). Only about 100 ng Te are required for a single
high precision measurement. Analyses of two terrestrial sulfides, the carbonaceous chondrite Allende and the iron meteorite Canyon Diablo
reveal that these have Te isotope compositions that are identical to the terrestrial standard within uncertainty. The Te isotope data acquired for
standard solutions as well as meteorites and sulfides display reproducibilities (2σ) of approximately±4500 ppm for120Te/128Te,±140 ppm
for 122Te/128Te,±100 ppm for124Te/128Te,±30 ppm for126Te/128Te, and±60 ppm for130Te/128Te. Compared to published results for meteorite
samples obtained by TIMS, this represents an improvement in precision of about one to two orders of magnitude for122–130Te/128Te and by
a factor of 4 for120Te/128Te. A number of experiments furthermore demonstrate that the isotope data acquired by MC-ICPMS are accurate,
even for complex geological samples.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The nuclide126Sn decays to126Te (through the interme-
diate126Sb) with a half-life of 234,500 years[1]. This decay
system is of significant interest as a possible chronometer
of early solar system development[2]. The parent126Sn is
predominately produced by ther-process, because the very
short half-life of 125Sn (∼9.6 days) hinderss-process pro-
duction. Therefore,126Sn is most probably formed in super-
nova environments[3]. The discovery of126Te excesses that
correlate with Sn/Te ratios in meteorites would thus provide
powerful confirmation of the theory that a supernova injected
freshly synthesized nuclides into the molecular cloud from
which our solar system formed, providing evidence of a trig-
ger [4–6]. This would be in contrast to some recent models
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that propose an internal source for short-lived radionuclides
through production by protostellar radiation[7–9].

Tellurium is of additional interest because it has eight sta-
ble nuclides that are ideally suited for the study of nucleosyn-
thetic processes. The isotopes120Te,122–124Te, and128,130Te
are produced exclusively by thep-, s-, andr-process, respec-
tively, whereas125,126Te are produced by both ther- and the
s-process. The search for nucleosynthetic Te isotope anoma-
lies is particularly important, because a number of recent
studies identified isotopic heterogeneities for Mo[10–12],
Ru [13] and Zr[14,15] in bulk meteorites. At least some of
these heterogeneities, however, could not be confirmed by
other workers[16–19].

Previous investigations, which were conducted by (pos-
itive ion) thermal ionization mass spectrometry (TIMS)
did not find any Te isotope anomalies in bulk meteorites
[2,20,21]. Early studies on acid etched residues of Allende,
which utilized neutron activation analysis, however, identi-
fied large (%-level) differences in Te isotope compositions
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[22–24]. More recent analyses of presolar grains by TIMS
[25] and negative ion TIMS (N-TIMS)[26] were unable
to reproduce these results and found Te isotope anomalies
only for 128Te and130Te.

Tellurium isotope studies by TIMS are very difficult,
due to the very high first ionization potential of this el-
ement (∼9 eV). Application of the N-TIMS technique
appears to provide good sensitivity, but no improvement
was reported for the measurement precision[27]. The most
precise Te isotope data have hitherto been obtained by
multiple-collector inductively coupled plasma-mass spec-
trometry (MC-ICPMS). Lee and Halliday[28] conducted
multiple analyses of Te standard solutions by MC-ICPMS
and the isotopic data are about 2–3 times more precise than
the best TIMS results. The MC-ICPMS methodology has,
however, not yet been adapted for the determination of Te
isotope compositions for geological samples or meteorites.

Multiple collector-ICPMS is, in general, more suitable
than TIMS for the acquisition of precise isotope ratio data
for elements with high first ionization potentials. Analytical
studies that aim to resolve small radiogenic or nucleosyn-
thetic isotope anomalies of elements such as Zr[29,30], Mo
[11], Ru[17], Hf [31], or W [32] therefore constitute one of
the most important applications of this mass spectrometric
technique. In addition, MC-ICPMS is also used to analyze
the isotopic compositions of Sr, Nd[33], and Pb[34], which
are the three “traditional” isotope systems of geochemistry.
These analyses were performed routinely (and exclusively)
by TIMS in the past but in comparison, MC-ICPMS pro-
vides superior sample throughput and data of comparable
precision. A particularly novel application of MC-ICPMS is
the determination of mass dependant variations in the stable
isotope compositions of “heavy” elements such as Fe[35],
Cu [36], Mo [37], Cd [38] or Tl [39], amongst others. Re-
gardless of the application, MC-ICPMS can provide isotopic
data that is precise to about±0.01% (∼100 ppm) or better.
Given these capabilities, it is not surprising that MC-ICPMS
not only finds broad application in geo- and cosmochemistry
[40,41]but also in other research fields such as environmen-
tal and medical studies[42,43].

In this study, we have developed new chemical separation
methods and MC-ICPMS measurement protocols that per-
mit the precise determination of Te isotope compositions for
bulk meteorites and sulfides. Special emphasis was placed on
the precise measurement of126Te, because isotope anoma-
lies from the decay of126Sn are expected to be extremely
small.

2. Experimental procedures

2.1. Sample preparation

2.1.1. General
All critical laboratory work was carried out in Class 10

laminar flow hoods using purified reagents. Mineral acids

and ethanol were purified once or twice (HCl) by sub-boiling
distillation in quartz or Teflon stills and 18 M�-grade wa-
ter from a Millipore system was used throughout. Satu-
rated bromine water was prepared as described by Rehkäm-
per and Halliday[44]. The MIBK (methyl-isobutyl-ketone,
4-methyl-2-pentanone) was cleaned just prior to use, by ex-
tracting a blank acid sample.

Two Te standards, with identical isotope compositions,
were used in the present study. The first was prepared by dis-
solving pure elemental Te (obtained from Johnson Matthey
Chemicals, USA) in HNO3. From this we prepared a so-
lution with ∼100�g/ml Te in 2 M HNO3 by dilution. The
second was an ICP standard solution with 1000�g/ml Te
from Alfa Aesar (Germany). These solutions were used as
terrestrial reference standards in this study, because a stan-
dard reference material with a certified Te isotope composi-
tion was not available.

2.1.2. Sample digestion
Chondrite samples of up to 0.5 g were first digested in

a high-pressure asher (HPA-S, Anton Paar, Austria) for 3 h
at about 100 bar and 220◦C, with 5 ml aqua regia in 90 ml
quartz glass vessels. Larger samples of up to 1 g were treated
with 8 ml of aqua regia. The samples were then transferred to
60 ml Savillex beakers, evaporated to dryness and digested
with 6 ml 28 M HF on a hotplate overnight. After dry-down,
they were re-dissolved in 15 ml 6 M HCl and dried again.

Most of the terrestrial rock samples were digested using
the chondrite procedure. Alternatively, they were succes-
sively treated on a hotplate with 8 ml 28 M HF plus 1 ml
14 M HNO3 and 20 ml 6 M HCl. Pyrrhotite and pyrite sam-
ples of less than 0.5 g were dissolved on a hotplate in Sav-
illex beakers using 15 ml 2.7 M HNO3 plus 5 ml bromine
water and 6 ml aqua regia, respectively.

About 5 g of iron meteorite was first cleaned with ethanol
and then leached twice to remove any surface contamina-
tion with 16 ml of 50% aqua regia at room temperature.
The residues after leaching were digested on a hotplate with
40 ml of aqua regia.

2.1.3. Solvent extraction
A solvent extraction procedure was the first step for the

separation of Te from iron meteorites. The procedure was
modified from methods previously published by Kawamura
et al.[45] and Terashima[46]. After digestion, the iron me-
teorites were dissolved on a hotplate in 20 ml 6 M HCl.
Following cooling to room temperature, the samples were
treated with 2 ml of an aqueous KMnO4 solution (1%). After
5 min, an additional 20 ml of 6 M HCl were added, followed
by 60 ml MIBK. The beakers were then shaken for 1 min.
The majority of the Fe partitions into the organic (MIBK)
phase, and this overlies the denser aqueous 6 M HCl, which
concentrates Ni and Te. After removal of the MIBK by
pipette, the extraction procedure (starting with the addition
of MIBK) was repeated five times. Following this, the aque-
ous solution was dried down, re-dissolved in 9 ml 2 M HCl
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Table 1
Elution sequence of the anion-exchange and the Tru-SpecTM resin chro-
matography

Eluent Volume (ml) Eluted

2 ml BioRad AG1 X 8 anion-exchange resin (200–400 mesh)
“HF-method”

1 M HNO3 10 Resin cleaning
5 M HF 10 Resin conditioning
5 M HF (sample solution) 6 Matrix
5 M HF 13.5 Matrix
15 M HF 6 Matrix
6 M HCl 12 Matrix
1 M HNO3 10 Sn, Te

“HCl-method”
1 M HNO3 10 Resin cleaning
2 M HCl 10 Resin conditioning
2 M HCl (sample solution) 15 Matrix
2 M HCl 10 Matrix
12 M HCl 4 Matrix
5 M HF 4 Matrix
1 M HNO3 10 Sn, Te

200�l Eichrom Tru-SpecTM resin
0.5 M HCl 10 Resin cleaning

and conditioning
0.5 M HCl (sample solution) 1 Te
0.5 M HCl 5 Te

and then further purified by ion-exchange chromatography
(“HCl-method”) as described below.

2.1.4. Separation of Te by liquid chromatography
A two-stage liquid chromatographic procedure was used

for the isolation and purification of Te (Table 1). The first
step serves to separate Sn and Te from matrix elements,
whereas the second isolates Te from Sn.

The first step utilized either the so-called “HF-method”
or the “HCl-method”. Both procedures were performed with
BioRad Poly Prep® chromatography columns and 2 ml of
anion-exchange resin (AG1 X 8, 200-400 mesh). A fresh
resin bed (0.8 cm diameter, 4 cm length) was prepared for
each separation. These columns were used for sample sizes
of up to 0.5 g and larger samples were split over several
columns.

For the “HF-method” (Table 1), the digested samples were
dried down three times with several drops of 28 M HF and
then taken up in 3 ml 5 M HF and refluxed on a hotplate
overnight. These solutions were centrifuged and the fluoride
precipitates were washed twice for 2 h with 1.5 ml of 5 M HF.
Following cleaning and equilibration of the resin beds (with
10 ml 1 M HNO3 and 10 ml 5 M HF) the sample and the
wash solutions were loaded onto the ion-exchange columns.
Matrix elements were eluted with 13.5 ml 5 M HF, 6 ml 15 M
HF, and 12 ml 6 M HCl. Finally, Te and Sn were collected
by elution with 10 ml 1 M HNO3.

For the “HCl-method”, which was modified from Smith
et al. [47], the digested samples were first dried down three
times with a few drops of 12 M HCl and then dissolved

in 9 ml 2 M HCl (Table 1). After refluxing overnight, the
solutions were centrifuged, and any precipitate was treated
twice for 2 h with 3 ml of 2 M HCl. The combined 2 M HCl
fractions were loaded onto the resin bed, which had been
pre-treated with 10 ml each of 1 M HNO3 and 2 M HCl.
Following loading, the column was rinsed with 10 ml 2 M
HCl. Elution of matrix elements was completed by addition
of 4 ml 12 M HCl and 4 ml 5 M HF. Tellurium and Sn were
then collected with 10 ml 1 M HNO3.

The Te fractions from the first column were evaporated
to dryness and then dried down, first with a drop of 14 M
HNO3, and then three times with a drop of 12 M HCl. Fol-
lowing this, they were re-dissolved in 1 ml 0.5 M HCl on a
hotplate overnight. The second separation step was adapted
from Yi et al. [48] and utilized 2.2 cm long Teflon columns
filled with 200�l Eichrom Tru-SpecTM resin (Table 1). A
fresh resin bed was prepared for each sample, which was
cleaned and equilibrated with 10 ml 0.5 M HCl. Collection
of Te commenced with loading of the 0.5 M HCl sample
solution. Tellurium was then further eluted with 5 ml 0.5 M
HCl, whereas Sn remained on the Tru-SpecTM resin.

2.2. Mass spectrometry

2.2.1. Instrumentation and measurement protocols
Sample solutions were introduced into the mass spectrom-

eter by free aspiration with a Cetac MCN 6000 desolvat-
ing nebulizer. The Te isotope measurements were performed
with a Nu Plasma MC-ICPMS by simultaneous collection of
the ion beams of118Sn+, 120Te+, 122Te+, 123Te+, 124Te+,
125Te+, 126Te+, 128Te+, 129Xe+ and 130Te+ with Faraday
cups. Prior to each measurement session, the instrument was
carefully tuned to maximize the Te signal intensity by ad-
justing the torch position, gas flows, acceleration potential,
lens voltages and deflector-settings. Typical operating pa-
rameters are listed inTable 2and total ion beam intensi-
ties of∼4 × 10−13 A/ppb (2500 Mcps/ppm) were routinely
achieved for Te. This is equivalent to a transmission effi-
ciency of about 3× 10−4, assuming a solution uptake rate
of 120�l/min.

The Te fractions from the chromatographic separation
were dried down three times with a drop of 14 M HNO3 and
then re-dissolved in an appropriate volume of 0.1 M HNO3,
such that the final sample solutions yielded total Te ion beam
intensities of about 3–6× 10−11 A. All samples were ana-
lyzed together with (and relative to) standard solutions that
had very similar Te concentrations (∼100 ng/ml Te).

The isotope ratio measurements for both sample and
standard solutions comprised the collection of 80 ratios
(5 s integrations), in blocks of 20, which required∼10 min.
“On-peak” baselines were measured for 15 s prior to each
block, while the ion beam was deflected by the electrostatic
analyzer. On each measurement session, the samples were
only analyzed after repeated runs of Te standard solutions
had confirmed the absence of any drift in the measured
isotopic data or other problems. The sample measurements
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Table 2
Instrument parameters

RF power (W) 1350
Acceleration potential (V) ∼4000

Gas flow rates
Ar coolant (l/min) 13
Ar auxiliary (l/min) 1–1.3

MCN 6000
Nebulizer pressure (bar) 6
Ar sweep gas setting 3.5
N2 setting 0–0.01
Solution uptake rate (�l/min) ∼120
Spray chamber temperature (◦C) 75
Desolvator temperature (◦C) 160

Vacuum
Expansion chamber (mbar) 1.7–2.3
Analyzer (mbar) ∼2 × 10−9

Sensitivity (A/ppb) ∼4 × 10−13

Transmission efficiency 3× 10−4

Abundance sensitivitya ∼2 × 10−6

Mass resolutionb ∼400

a Measured at mass 237 relative to238U.
b M/�M, 10% valley definition[49].

were interspersed between analyses of Te standards. Prior to
each analysis, the sample delivery system was flushed with
0.1 M HNO3 to ensure that the results were not biased by
memory effects. Washout of Te usually required 5–10 min.

Table 3
Isobaric and molecular interferences for Te isotopes

Mass

120 122 123 124 125 126 128 130

Te 0.09 2.5 0.9 4.7 7.1 18.8 31.8 34.2
Sn 32.6 4.6 5.8
Sb 42.7
Xe 0.1 0.1 1.9 4.1
Ba 0.1

M1Ha 119Sn 121Sb 122Sn 123Sb 124Sn 127I
8.6 57.3 4.6 42.7 5.8 100

122Te 123Te 124Te 125Te
2.5 0.9 4.7 7.1

124Xe 129Xe
0.1 26.4

M14Na 106Cd 108Cd 109Ag 110Cd 111Cd 112Cd 114Cd 116Cd
1.3 0.9 48.2 12.5 12.8 24.1 28.7 7.5
106Pd 108Pd 110Pd 112Sn 114Sn 116Sn
27.3 26.5 11.7 1 0.7 14.5

M16Oa 104Pd 106Pd 107Ag 108Pd 109Ag 110Pd 112Sn 114Sn
11.1 27.3 51.8 26.5 48.2 11.7 1 0.7
104Ru 106Cd 108Cd 110Cd 112Cd 114Cd
18.7 1.3 0.9 12.5 24.1 28.7

M40Ara 80Kr 82Kr 83Kr 84Kr 85Rb 86Kr 90Zr
2.3 11.6 11.5 57 72.2 17.3 51.5
80Se 82Se 84Sr 86Sr 88Sr
49.7 9.2 0.6 9.9 82.6

The numbers are the abundances of the respective isotopes in percent.
a M denotes the isotopes listed.

The measured Te isotope ratios were normalized to
125Te/128Te = 0.22204[28] with the exponential law. The
data are reported as the difference of the1XXTe/128Te ratio
(R) of a sample (Sam) from the standard (Std) in parts per
10,000:

ε1XXTe =
(

RSam− RStd

RStd

)
× 104 (1)

Each sample is expressed relative to the standard data ob-
tained on the same measurement session.

2.2.2. Mass spectral interferences
Isobaric interferences on the masses of Te can be gen-

erated either by isobars or molecular species (Table 3).
These interferences cannot be resolved by the mass spec-
trometer because the NuPlasma MC-ICPMS operates at a
mass resolution of about 400. All sample solutions were
therefore carefully checked for the potential presence of
elements that can generate such interferences. For criti-
cal elements, the maximum element/Te ratios that can be
tolerated were furthermore determined, by analyzing Te so-
lutions that contained known contaminant levels. Samples
that displayed element/Te ratios that were too large, were
further purified by ion-exchange chromatography. In this
case, the “HF-method” was applied if too much Cd was
present, but otherwise the samples were cleaned using the
“HCl-method”.
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Isobaric interferences on Te isotopes can be generated by
Sn, Xe, Ba, and Sb (Table 3). Interference corrections were
applied for Sn and Xe, based on the measured ion currents
for 118Sn+ and 129Xe+ and the isotopic abundances given
by Lee and Halliday[28] and Basford et al.[50]. Standard
solutions typically displayed Sn/Te concentration ratios of
about 1–3×10−4 and Sn/Te ratios of up to 1.5×10−3 could
be tolerated for samples without compromising the accu-
racy of the analytical data. The Sn corrections for samples
were typically 7–35% for120Te/128Te, but less than 2.5‰ for
122Te/128Te and124Te/128Te. Such large corrections for sam-
ples, however, are only accurate if the interference term is
adjusted for the instrumental mass bias. Xenon is present in
the Ar plasma gas and therefore both samples and standards
typically yielded Xe/Te ratios of 4–9×10−3. The Xe correc-
tions are negligible or very small (<15 ppm) for120Te/128Te,
126,130Te/128Te and<70 ppm for122–124Te/128Te.

The development of an analytical protocol for very small
meteorite samples required that data acquisition was per-
formed by static multicollection of all ion beams in a single
measurement sequence. Consequently, interference correc-
tions for 130Ba+ and 123Sb+ were not applied online dur-
ing the analyses, because the collector set up did not permit
the simultaneous measurement of the interference monitors
135Ba+ and121Sb+. However, due to the low abundance of
130Ba+, Ba/Te ratios as high as 7.5 × 10−3 could be toler-
ated without compromising the data quality. At this level, the
contribution of130Ba+ to the130Te+ ion beam is insignif-
icant (given the analytical precision) at less then 25 ppm.
Tellurium standard solutions typically yielded Sb/Te ratios
of 4×10−5 such that the presence of Sb did not significantly
affect the accuracy of the123Te data. The Sb correction was
typically about 1.5‰ for 123Te/128Te and was applied offline.
For samples, however, the Sb corrections would be much
larger and the123Te/128Te data were therefore considered to
be unreliable.

A particular problem of Te isotopic measurements by
MC-ICPMS are the interferences from molecular ions
(MH+, MN+, MO+ or MAr+ with M = Se, Kr, Rb, Sr, Zr,
Ru, Pd, Ag, Cd, Sn, Sb, I, Te and Xe) which can be pro-
duced in the plasma source (Table 3). Use of a desolvating
nebulizer greatly reduces the formation of oxides, nitrides,
and hydrides. The MCN 6000 nebulizer was furthermore
operated without or with very low N2 flow (Table 2), be-
cause this also resulted in maximum sensitivity for Te. No
other measures were taken to further reduce the production
of molecular ions, such as the use of a shielded torch or
lowering RF power.

The hydrides of Te, Xe and I can interfere with Te iso-
topes (Table 3). Interferences from TeH+ ions on Te masses
will not be problematic, however, if they affect samples and
standards to (nearly) the same extent and/or if the hydride
production rates are low. The present analyses fulfil both
conditions. First, differences in the isotopic compositions of
samples and standards are expected to be less than 0.1% and
second, the desolvating nebulizer limits the production of

hydrides to TeH+/Te+ < 5 × 10−5 (this upper limit results
from the instability of the Xe background at mass 131). This
indicates that Te-hydrides do not compromise the accuracy
of the present Te isotope data. If the formation of127IH+
and XeH+ with I and Xe from the plasma gas was im-
portant, this would generate relatively constant interference
levels. Such interferences were not significant, however, be-
cause identical Te isotope compositions were obtained for
standard solutions with Te concentrations between 50 and
400 ppb. Hydride interferences from Sn and Sb could be a
more severe problem, as many samples solutions displayed
elevated Sn/Te and Sb/Te concentration ratios. However, the
maximum tolerable level of Sn determined for the sample
solutions (see above) also accounts for the potential effects
of Sn-hydrides. For Sb, even Sb/Te ratios of 0.6 did not com-
promise the measured124Te/128Te data and all samples had
Sb/Te< 0.02.

The presence of Cd in sample solutions was a particular
problem for the present study, because this element can pro-
duce oxide- and nitride-based interferences for nearly every
Te isotope (Table 3). The highest tolerable Cd/Te ratio is
0.25 but many sample solutions were found to have higher
Cd contents if the Te was separated using the “HCl-method”.
This problem can be readily circumvented, however, because
the Te fractions obtained from the “HF-method” are virtu-
ally free of Cd.

Regardless of which column separation is used, sample
solutions typically contain Rb, Sr, and Zr, but at levels that
cannot bias the results. The maximum tolerable concentra-
tion ratios for these elements are Rb/Te< 0.13, Sr/Te<

0.12, and Zr/Te< 0.06. The presence of Ru can be a prob-
lem if iron meteorites are analyzed but concentration ratios
of Ru/Te< 0.1 are acceptable for sample solutions. Krypton
is introduced into the mass spectrometer with the Ar plasma
gas, but insufficient KrAr+ is formed to bias the Te isotope
data. The identical Te isotope compositions measured for
solutions with different Te concentrations support this con-
clusion. Any bias would furthermore affect both samples
and standards to a similar extent. The elements Se, Pd, and
Ag were also only present at very low concentrations that
did not compromise the isotopic analyses of Te.

Doubly charged238U2+ can produce an interference on
119Sn+. This problem was avoided by using118Sn+ to mon-
itor the Sn levels during the measurements. In addition, we
found that large amounts of Fe in the sample solutions can
generate erroneous Te isotope data, presumably due to a ma-
trix effect. As a result, sample solutions must display Fe/Te
ratios of 5 or less, to be suitable for isotopic analysis.

3. Results and discussion

3.1. Yields and blanks of the sample preparation method

The main advantages of the “HCl-method” compared to
the “HF-method” are the superior Te yields (∼100% versus
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∼85%) and the higher capacity of the columns for Fe-rich
samples. The “HF-method”, however, appears to produce
cleaner sample solutions in general, which are free of resid-
ual Cd. The “HF-method” was therefore preferred for the
separation of Te from Cd-rich samples, such as chondritic
meteorites.

The Te yield of the second chromatographic separation
(with Tru-SpecTM resin columns) was about 80%. The
biggest problem of this step was obtaining a complete dis-
solution of the sample in 0.5 M HCl. For iron meteorites,
where the isolation of Te comprises solvent extraction,
the “HCl-method” and Tru-SpecTM resin chromatography,
the total Te yield was about 55% on average. The solvent
extraction procedure alone had a yield of∼75%.

To optimize the yield of the column separations (espe-
cially the “HF-method”), it is advantageous to hold the use
of HNO3 during the sample dissolution to a minimum. The
yields were furthermore significantly improved by leaching
of the precipitates that formed in the final sample solutions
before loading of the ion-exchange columns. Although Te
can be highly volatile under some conditions, we did not
observe any evaporative loss of Te in the present study.

Total procedural blanks were routinely determined on
blank solutions using Cd as an internal standard. For iron
meteorites, the blanks were≤300 pg Te, but for all other
samples the contamination was significantly lower at≤30 pg
Te. Given that our analyses of natural samples typically uti-
lized >50 ng of Te, these blank levels are insignificant.

3.2. Precision and accuracy of isotope ratio measurements
for standard solutions

The reproducibility (2σ) of isotopic measurements con-
ducted on a single measurement session (8–12 h) using
100–150 ng/ml Te solutions was typically±4500 ppm for
120Te/128Te, ±140 ppm for 122Te/128Te, ±100 ppm for
124Te/128Te, ±30 ppm for 126Te/128Te and ±60 ppm for
130Te/128Te. Any single run generally displayed within-run
errors (2σ mean) that were equal to or better (by up to a
factor of 2) than the within-day precision.

The long-term reproducibility (2σ) was evaluated from
the data collected over a period of 10 months (October
2001–July 2002) on 32 measurement sessions, each com-
prising 6–30 individual runs (Fig. 1). For 126Te/128Te, the
long-term reproducibility is about±100 ppm. If only the re-
sults of the last 4 months (April 2002–July 2002) are con-
sidered, the reproducibility is significantly better at about
±30 ppm, which is identical to the precision achievable on
a single day (Fig. 1). During this latter 4-month period, all
measurements utilized the same skimmer cone and particular
care was taken to ensure that the sample introduction system
and the torch were clean, whereas four different skimmer
cones (of the same design) were used in the previous mea-
surement sessions. These results indicate that proper atten-
tion to such “details” can significantly improve the quality
of the analytical data.
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Fig. 1. Mean126Te/128Te ratios obtained on different measurement ses-
sions, plotted in chronological order. Each data point represents the av-
erage of 6–30 individual analyses of a Te standard solution. Errors bars
(2σ) denote the external reproducibility. Results are shown for a total of
32 measurement sessions. The data on the left-hand side were collected
from October 2001 to March 2002 with four different skimmer cones,
whereas the results on the right were obtained with a single skimmer
from April 2002 to July 2002.

Previous Te isotope studies applied various internal nor-
malization schemes to correct for the instrumental mass frac-
tionation and a direct comparison of the data is therefore not
possible. The results of this study were originally normal-
ized to 125Te/128Te = 0.22204 [28] with the exponential
law, because this produces data for126Te without requiring
a Sn interference correction. For comparison, we renormal-
ized our results to124Te/128Te = 0.14853[28,51] and the
same normalization was also applied to six previously pub-
lished datasets (Table 4). The measured Te isotope compo-
sitions of this study are identical, within error, to the results
of Smith and De Laeter[21] and Wachsmann and Heumann
[27], which were obtained by TIMS and N-TIMS, respec-
tively. This agreement is not very conclusive, however, due
to the large uncertainties of the latter results. The relatively
precise MC-ICPMS and TIMS data of Lee and Halliday
[28] and De Laeter[51] also show good agreement with
the present results, but there exist small differences (e.g. for
122Te/128Te or130Te/128Te). The data of Loss et al.[52] dif-
fer significantly from our results. This discrepancy is prob-
ably an artifact of the mass discrimination correction, be-
cause Loss et al.[52] obtained results that are consistently
lower than our data for ratios where the lighter isotopes are
numerators and vice versa (Table 4).

For our purposes, the measurement of126Te is of primary
importance. Our results for this isotope have a precision
that is a factor of two better than the MC-ICPMS data of
Lee and Halliday[28]. For the other isotopes both studies
achieve a similar reproducibility. It must be noted, however,
that our precision is based on data collected over a period of
4 months (Fig. 1), whereas Lee and Halliday[28] evaluated
only the results of a few measurement sessions. Compared
to TIMS and N-TIMS, the MC-ICPMS data have a precision
for 126Te that is generally better by a factor of at least 5.

Based on the results summarized inTable 4, we have made
a new estimate of the isotopic abundances and the atomic
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Table 4
Comparison of Te isotope data acquired in this study with previously published results

Reference Method 120Te/128Te± 2σ 122Te/128Te± 2σ 123Te/128Te± 2σ 124Te/128Te± 2σ 125Te/128Te± 2σ 126Te/128Te± 2σ 130Te/128Te± 2σ

This studya MC-ICPMS 0.002897± 13 0.079678± 11 0.027921± 26 0.148563± 15 0.222040 0.592260± 18 1.076033± 65
This studyb MC-ICPMS 0.002896± 13 0.079650± 11 0.027913± 26 0.148530 0.222003± 16 0.592196± 26 1.076148± 53
Lee and Halliday[28] MC-ICPMS 0.002919± 12 0.079603± 16 0.027904± 12 0.148530 0.222041± 25 0.592264± 34 1.075950± 30
De Laeter[51]c TIMS 0.002891± 32 0.079492± 44 0.027878± 33 0.148530 0.221722± 61 0.591532± 179 1.078890± 140
Wachsmann and Heumann[27]c N-TIMS 0.079867± 441 0.027747± 219 0.148530 0.221994± 685 0.591873± 2245 1.075155± 1009
Loss et al.[52]c TIMS 0.002731± 72 0.077163± 189 0.027404± 99 0.148530 0.211754± 57 0.573917± 102 1.110642± 84
Smith and De Laeter (MS12)[21]c TIMS 0.079648± 69 0.027939± 73 0.148530 0.221930± 123 0.592200± 394 1.076523± 379
Smith and De Laeter (VG354)[21]c TIMS 0.002895± 31 0.079650± 264 0.027884± 64 0.148530 0.222004± 299 0.592347± 631 1.075710± 460

The data of this studya,b are mean values of 12 measurement sessions (291 runs) conducted from April 2002 to July 2002. All ratios are normalized to124Te/128Te = 0.14853; excepta125Te/128Te =
0.222040.cRecalculated in this study from the original data.
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Table 5
Isotopic abundances (in percent) and atomic weight of tellurium from this and previous studies

Isotope This studya Lee and Halliday[28]b De Laeter[51]c Smith et al.[20] IUPAC [53]

120Te 0.0920± 0.0001 0.0927± 0.0004 0.0918± 0.0007 0.0960± 0.0007 0.096± 0.002
122Te 2.5300± 0.0004 2.5277± 0.0005 2.523± 0.001 2.603± 0.001 2.603± 0.004
123Te 0.8854± 0.0006 0.8860± 0.0003 0.885± 0.001 0.908± 0.001 0.908± 0.002
124Te 4.7173± 0.0004 4.7165± 0.0001 4.714± 0.002 4.816± 0.002 4.816± 0.006
125Te 7.0503± 0.0003 7.0509± 0.0006 7.037± 0.002 7.139± 0.002 7.139± 0.006
126Te 18.8057± 0.0009 18.8066± 0.0010 18.773± 0.004 18.952± 0.004 18.95± 0.01
128Te 31.7525± 0.0012 31.7540± 0.0001 31.736± 0.004 31.687± 0.004 31.69± 0.01
130Te 34.1668± 0.0016 34.1656± 0.0007 34.240± 0.003 33.799± 0.003 33.80± 0.01

Atomic weight 127.60833± 0.00004 127.60834± 0.00006 127.6114± 0.0001 127.5856± 0.0003 127.60± 0.03

a Mean values of 12 measurement sessions (291 runs) conducted from April 2002 to July 2002.
b Uncertainities are 2σ standard deviations.
c Isotopic abundances and uncertainties are calculated by[28] from the data listed in[51].

weight of Te (Table 5). Our results show good agreement
with the data of De Laeter[51] and Lee and Halliday[28] but
the isotopic abundances recommended by IUPAC[53] differ
significantly from our values. The IUPAC data, however,
appear to be based mainly on the results of Smith et al.[20],
and the latter study used a different method for the correction
of the instrumental mass fractionation.

The atomic weight of Te that was calculated from our
results is identical, within error, to the values estimated by
Lee and Halliday[28] and IUPAC[53]. In the latter case,
the agreement is not conclusive, due to the large uncertainty
of the IUPAC estimate. Significant differences are apparent
in comparison to the values published by De Laeter[51] and
Smith et al.[20], and these are mainly due to variations in
the calculated abundances of130Te.

3.3. Precision and accuracy of isotope ratio measurements
for geological samples doped with Te

Three different types of synthetic samples were used to
test and evaluate the accuracy of the isotopic measurements.
A number of analyses utilized a terrestrial igneous rock (a
diorite), which was doped with various amounts of Te. Fur-
ther measurements were conducted with a Te-free chon-
drite matrix that was doped with Te. The chondrite ma-
trix was obtained by the collection of all Te-free matrix
fractions, which were eluted whilst solutions of the mete-
orites Allende and Murchison were processed through the
primary anion-exchange separation. These matrix fractions
were dried down, doped with Te and then further processed
as normal samples. In addition, we also analyzed a synthetic
iron meteorite, which was made up from 4.6 g Fe and 0.4 g
Ni, which were doped with 0.8�g Te. Because the synthetic
samples have no Te of extraterrestrial origin, their Te isotope
compositions should displayε1XXTe = 0 for all isotopes.
The Te/matrix ratios of these synthetic samples are similar to
those of natural meteorite samples (3.3×10−7–2.7×10−6).

The doped diorite samples were processed using both the
“HF-method” and “HCl-method”. For some additional sam-
ples, the isolation of Te utilized an ion-exchange procedure

that is also used in our laboratory for the separation of W
and Zr from meteorites (“W–Zr-method”)[30,54]. In this
case, Te was eluted from the primary anion-exchange col-
umn of the “W–Zr-method” with 1 M HNO3, following the
elution of the other transition metals.

With one exception all individual analyses of the Te-doped
diorite yielded ε1XXTe values that are indistinguishable,
within error, from the expected result,ε1XXTe = 0 and this
is also true for the mean values (Fig. 2, Table 6). Only a
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Fig. 2. Results obtained forε126Te for the different synthetic samples
(Te-doped diorite, Te-doped chondrite matrix, and a synthetic iron mete-
orite doped with Te). Error bars (2σ) denote the external reproducibility
of the standard for a particular measurement session. Different symbols
represent individual digestions.
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Table 6
Mean Te isotope compositions of synthetic samples (doped with Te)

Sample Te/matrix ε120Te± 2σ ε122Te± 2σ ε124Te± 2σ ε126Te± 2σ ε130Te± 2σ

Te standard 0.0± 45.0 0.00± 1.40 0.00± 1.00 0.00± 0.30 0.00± 0.60
Iron-meteorite matrix 1.6× 10−7 −1.8 ± 24.7 −0.93 ± 1.18 −0.36 ± 0.54 −0.10 ± 0.25 0.30± 0.91
Chondrite matrix 1.2× 10−6 to 1.7 × 10−6 −0.2 ± 14.4 −0.47 ± 0.50 −0.24 ± 0.74 −0.07 ± 0.20 0.46± 0.88
Diorite matrix 3.3× 10−7 to 2.7 × 10−6 −4.2 ± 65.2 −0.85 ± 1.37 −0.76 ± 1.21 −0.16 ± 0.38 0.90± 0.61a

a Mean of two measurements, 2σ error of the single measurements is shown.

single124Te/128Te result for a doped diorite differs signifi-
cantly from the standard. It could be argued that some of the
results have slightly negativeε122–126Te and positiveε130Te
values, but this is not clearly resolvable given the analytical
errors (Fig. 2, Table 6). The samples that were processed
with the “W–Zr-method” display results identical to those
obtained with the “HF-method” and the “HCl-method”, but
the chemical yield of the former separation technique was
not reproducible.

The1XXTe/128Te ratios measured for the Te-doped chon-
drite matrix samples were also identical to the Te standard
solution in all cases (Fig. 2, Table 6). The same result was
obtained for the simulated iron meteorite, from which the
Te was isolated by solvent extraction and the “HCl-method”
(Fig. 2, Table 6). Most ε130Te values again show a slight
positive trend, but this is not significant given the analytical
errors (Table 6). These results clearly indicate that our chem-
ical and mass spectrometric methods can provide accurate
isotope data for all Te isotopes, even following separation
of Te from complex natural samples.

3.4. Results for chondrites, iron meteorites and terrestrial
sulfides

The accuracy and precision of our methods was further
verified by repeated analyses of the Allende chondrite, the
iron meteorite Canyon Diablo, and two terrestrial sulfides,
pyrrhotite and pyrite (Figs. 3 and 4andTable 7). Pyrrhotite
was chosen for these measurements because of its chem-
ical similarity to the troilite of iron meteorites. Most Al-
lende samples were processed with the “HF-method”, but
the “HCl-method” was applied in some cases. Isolation of Te
from the sulfides utilized the “HCl-method” and the Canyon
Diablo sample (5 g of metal with small amounts of sul-

Table 7
Mean Te isotopic compositions of samples

Sample Allende (CV) Canyon Diablo (IA) Pyrrhotite Pyrite

ε120Te± 2σ 0.1 ± 29.5 −4.7 ± 34.7 −28.8 ± 34.3 −6.1 ± 46.3
ε122Te± 2σ −0.58 ± 1.40 −0.31 ± 1.41 −0.86 ± 1.56 −0.07 ± 2.05
ε124Te± 2σ −0.27 ± 0.87 0.34± 0.62 −0.34 ± 0.60 −0.10 ± 1.43
ε126Te± 2σ −0.01 ± 0.38 0.01± 0.13 0.14± 0.79 0.07± 0.54
ε130Te± 2σ 0.44 ± 0.70 0.35± 0.66 0.24± 0.41 0.49± 0.75
# measurements 17 (16 for120,122Te) 5 6 13
# digestions 9 1 5 3
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Fig. 3. Results obtained forε126Te for the Allende chondrite, the Canyon
Diablo iron meteorite and terrestrial sulfides. Error bars (2σ) represent
the external reproducibility of the standard for a particular measurement
session. Different symbols denote individual digestions. Open squares
are used for mean values± 2σ reproducibility, whereas open circles are
for averages± 2σ mean uncertainties. The 2σ mean errors were only
calculated for datasets with more than six individual measurements.
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fides) was processed by solvent extraction followed by the
“HCl-method”.

All average Te isotope compositions that were determined
for these three samples and the overwhelming majority of
the individual results are identical, within the 2σ errors, to
the results obtained for the Te standard (Figs. 3 and 4and
Table 7). Some very minor offsets are nonetheless apparent:
theε122Te values of Allende and the pyrrhotite are on the low
side, whereasε130Te is slightly too high for all samples. It is
possible that the lowε122Te results are an artifact of residual
uncorrected mass discrimination, because125Te/128Te was
used for internal normalization. The slight positive offset in
ε130Te could be due to isobaric interferences from130Ba.
The measured Ba/Te ratios of all samples, however, were
sufficiently low, such that the accuracy of the data should
not be compromised by the interference. Given these small
deviations, any interpretation of Te isotope compositions
should consider the 2σ rather than the 2σ mean uncertainties,
to avoid the identification of small isotopic anomalies that
may be artifacts of very minor spectral interferences and/or
matrix effects.

It is particularly noteworthy that the reproducibility of the
sample data is similar to that obtained for pure standard so-
lution (Table 7). The comparison of the present results with
TIMS literature data demonstrates the superiority of the new
methods for precise Te isotopic measurements of bulk me-
teorites. For the determination ofε126Te, the MC-ICPMS
techniques achieve reproducibilities that are about two or-
ders of magnitude better than results obtained by TIMS. The
present analyses are furthermore about 15 times more pre-
cise for the determination ofε122Te,ε124Te, andε130Te and

circa 4 times more precise for the measurement ofε120Te
[2,20,21].

The data demonstrate that terrestrial Te standards, terres-
trial sulfides, the Allende carbonaceous chondrite and the
iron meteorite Canyon Diablo have identical Te isotope com-
positions. This suggests that most solar system materials
may be homogeneous in terms of Te isotopes, which is in
agreement with the results of previous isotopic studies con-
ducted by TIMS[2,20,21]. The agreement between the stan-
dards and the terrestrial sulfides furthermore confirms that
the new techniques also generate accurate Te isotope com-
positions for such samples.

All of the data discussed above was collected with
“standard” skimmer cones, which feature a relatively nar-
row exit angle (NA-type Ni cones, Nu Instruments part
#319 284). A few additional measurements were performed
to investigate whether an alternative skimmer cone, which
has a much wider exit angle (WA-type Ni cone, Nu In-
struments part #319 497), could be used instead. The main
advantage of the WA-type skimmers is their superior trans-
mission efficiency. As a test, we analyzed solutions of two
chondrites and a pyrrhotite with both skimmer cones. The
results obtained with the NA skimmers display no or only
small deviations fromε126Te = 0 (Fig. 5). When the inter-
face was fitted with a WA cone, the same sample solutions,
however, displayed positive deviations inε126Te values for
Allende (ε126Te = 0.66 ± 0.23), Murchison (ε126Te =
0.77 ± 0.23) and the terrestrial pyrrhotite (ε126Te =
1.28± 0.23) (Fig. 5). Very similar results were obtained if
different normalization schemes were used for the mass bias
correction.



M.A. Fehr et al. / International Journal of Mass Spectrometry 232 (2004) 83–94 93

Fig. 5. Results obtained forε126Te for the chondrites Allende and Murchi-
son and a terrestrial sulfide (pyrrhotite) using either a normal narrow-angle
(open squares) or a wide-angle skimmer cone (filled squares), which pro-
vides better sensitivity. Error bars (2σ) denote the external reproducibility
of the standard.

The reason why the WA skimmers appear to be associated
with slightly higherε126Te values that are likely to be erro-
neous, is unclear at present. It is possible, that the data are
biased by enhanced interferences from oxides, nitrides and
argides or more severe matrix effects. Clearly, these results
indicate (1) that NA-type skimmer cones should be used for
high-precision Te isotopic measurements and (2) that ex-
treme care is required in the development and application of
very precise and accurate isotopic measurement techniques
that utilize MC-ICPMS.

4. Conclusions

A new MC-ICPMS technique for high-precision Te iso-
tope ratio measurements is reported. This technique permits
isotopic analyses of small quantities of Te (100–150 ng) iso-
lated from bulk meteorites and sulfide mineral separates with
reproducibilities (2σ) of about±4500 ppm for120Te/128Te,
±140 ppm for 122Te/128Te, ±100 ppm for 124Te/128Te,
±30 ppm for 126Te/128Te, and±60 ppm for 130Te/128Te.
Compared to previous TIMS studies, the method therefore
achieves a reproducibility for the determination of126Te
anomalies in natural samples that is improved by about two
orders of magnitude. For other Te isotopes, the MC-ICPMS
data are more precise by factors of about 4–15.

With its excellent reproducibility, the new technique pro-
vides unparallel analytical capabilities for the resolution of
extremely small differences in the abundance of126Te in
meteorites, which could reflect radiogenic ingrowth from
the decay of126Sn. In addition, it also permits the identifi-
cation of small and previously unresolvable nucleosynthetic

Te isotope anomalies. As such, it paves the way for new
cosmochemical investigations of Te isotope compositions in
various extraterrestrial materials. Bulk samples of two ter-
restrial sulfides, the carbonaceous chondrite Allende, and
the iron meteorite Canyon Diablo were analyzed and found
to display Te isotope compositions that are identical, within
error, to the terrestrial standard.
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