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Abstract

Tellurium isotope data acquired by multiple-collector inductively coupled plasma-mass spectrometry (MC-ICPMS) are presented for
sequential acid leachates of the carbonaceous chondrites Orgueil, Murchison, and Allende. Tellurium isotopes are produced by a broad
range of nucleosynthetic pathways and they are therefore of particular interest given the isotopic anomalies previously identified for
other elements in these meteorites. In addition, the data provide new constraints on the initial solar system abundance of the r-process
nuclide 126Sn, which decays to 126Te with a half-life of 234,500 years. The 126Te/128Te ratios of all leachates were found to be identical,
within uncertainty, despite variations in 124Sn/128Te of between about 0.002 and 1.4. The data define a 126Sn/124Sn ratio of <7.7 · 10�5 at
the time of last isotopic closure, consistent with the value of <18 · 10�5 previously reported for bulk carbonaceous chondrites. How close
this is to the initial 126Sn/124Sn ratio of the solar system depends on when the investigated samples last experienced redistribution of Sn
and Te. No clear evidence is found for nucleosynthetic anomalies in the abundances of p-, s-, and r-process nuclides. The largest effect
detected in this study is a small excess of the r-process nuclide 130Te in a nitric acid leachate of Murchison. This fraction displays an
anomalous e130Te of +3.5 ± 2.5. Although barely resolvable given the analytical uncertainties, this is consistent with the presence of
a small excess r-process component or an s-process deficit. The general absence of anomalies contrasts with previous results obtained
for K, Cr, Zr, Mo, and Ba isotopes in similar leachates, which display nucleosynthetic anomalies of up to 3.8%. The reason for this dis-
crepancy is unclear but it may reflect volatility and more efficient mixing of Te in the solar nebula.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Nucleosynthetic isotope anomalies in 54Cr (Rotaru
et al., 1992; Podosek et al., 1997a), 40K (Podosek et al.,
1999), Mo (Dauphas et al., 2002a), Ba (Hidaka et al.,
2003), and 96Zr (Schönbächler et al., 2003, 2005) were
reported for acid leachates of ordinary and carbonaceous
chondrites and it was suggested that these anomalies may
be hosted in various types of presolar grains (Alexander,
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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2002; Dauphas et al., 2002a; Schönbächler et al., 2005) or
in unidentified non-acid resistant presolar phases (Podosek
et al., 1997a, 1999; Alexander, 2002; Schönbächler et al.,
2003, 2005). Tellurium is another element that has consid-
erable potential for the study of such nucleosynthetic iso-
tope anomalies. It has eight stable nuclides, of which
120Te is produced by the p-process, 122,123,124Te by the
s-process, and 128,130Te by the r-process. Two isotopes,
125Te and 126Te, are formed by both the r- and the s-pro-
cess. Presolar diamonds isolated from the Allende chon-
drite furthermore exhibit permil to percent level Te
isotope anomalies of nucleosynthetic origin (Richter
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et al., 1998; Maas et al., 2001). In contrast, recent Te iso-
tope ratio measurements by multiple-collector inductively
coupled plasma-mass spectrometry (MC-ICPMS) were un-
able to identify any Te isotope variations in bulk chon-
drites and the sulfide and metal fractions of iron
meteorites (Fehr et al., 2005).

The primary aim of the present study is to determine
whether sequential acid leachates of carbonaceous chon-
drites exhibit nucleosynthetic Te isotope anomalies. A fur-
ther goal is the investigation of potential radiogenic isotope
effects from the short-lived radionuclide 126Sn, which de-
cays to 126Te with a half-life of 234,500 years (Oberli
et al., 1999). This decay system is of particular interest be-
cause 126Sn is predominantly an r-process nuclide that most
likely forms in supernova environments (Qian et al., 1998).
The discovery of radiogenic effects from the decay of short-
lived nuclides with half-lives of less than 1 Myr (e.g, 26Al,
41Ca) in meteorites requires that these isotopes were pro-
duced either within the nascent solar system by spallation
or in a late stellar nucleosynthetic event that took place just
prior to the collapse of the protosolar cloud (Lee et al.,
1998; Meyer and Clayton, 2000). As 126Sn cannot be pro-
duced by spallation, the discovery of 126Te excesses that
correlate with Sn/Te ratios in meteorites would provide
tight time constraints on the formation of the solar system.
The presence of former live 126Sn in the early solar system
would be in agreement with a supernova trigger for forma-
tion of the solar system (Cameron and Truran, 1977) and
with the aerogel-model (Ouellette et al., 2005), whereby
short-lived radionuclides from a supernova are injected
into an already-formed protoplanetary disk (Chevalier,
2000). To constrain the initial solar system abundance of
126Sn, concentration data for Sn and Te have been acquired
for all leachate fractions. These latter results are of addi-
tional interest, because they provide new information on
the host phases of Sn and Te in carbonaceous chondrites.
2. Samples and experimental procedures

New Te isotope composition data were acquired for sequential diges-
tions of the carbonaceous chondrites Orgueil (CI1), Murchison (CM2,
USNM 5459), and Allende (CV3, USNM 6159). For Murchison and
Allende, two separately leached powder splits (samples a and b) were
analyzed. The same dissolutions were also analyzed for Zr isotopes in a
parallel study by Schönbächler et al. (2003, 2005). The chemical and mass
Table 1
Experimental procedure for the leaching of carbonaceous chondrites

Step Reagent Procedure

1a 2.5% HAc 30 min, RT
1b 50% HAc 1 day, RT
2 4 M HNO3 5 days, RT
3a 6 M HCl 5 days, RT
3b 6 M HCl 1 day, 36 �
3c 6 M HCl 1 day, 80 �
4 13.5 M HF–3 M HCl 4 days, 100
5a conc. aqua regia 3 h, 220 �C
5b conc. HF–HNO3 3 days, 170

RT, room temperature; HAc, CH3COOH; HPA, high pressure asher.
spectrometric techniques mainly follow the methods described in Fehr
et al. (2004). The most important aspects of the procedures and any
modifications introduced for this study are outlined below.

Between 0.8 and 2.0 g of powdered Orgueil, Murchison, and Allende
were sequentially treated with acids of increasing strength (Table 1) using
a procedure adapted from published methods (Rotaru et al., 1992; Po-
dosek et al., 1997a; Dauphas et al., 2002a). The final dissolution step was
performed with conc. HF–HNO3 in a Teflon bomb with steel jacket, which
leaves no visible residues. For Allende-a, a high-pressure asher (Anton
Paar, Austria) was used for the final digestion. In this case, the sample was
treated with aqua regia in a closed quartz glass vessel, which was placed
inside a pressure vessel at 220 �C and filled with nitrogen to a pressure of
130 bar.

A small aliquot (5–15%) of each leach fraction was used for the con-
centration measurements, whereas the remainder was further processed by
column chromatography for the isolation of Te and Zr for isotopic
analysis. The separation of these elements utilized two different proce-
dures. For Orgueil, Murchison-a, and Allende-b, a method that was
originally developed for the isolation of W and Zr (Schönbächler et al.,
2004 and references therein) was used. Tellurium was stripped from the
first column with 1 M HNO3 after the elution of Zr and W. From the
leachates of Murchison-b and Allende-a, Te was isolated with the two-
stage chromatographic procedure of Fehr et al. (2004). The second sepa-
ration step of this method, which isolates Te from Sn with Tru-Spec�

resin, was applied to all samples.
The total chemistry blank was <120 pg Te throughout this study. For

samples with more than 20 ng Te this contribution is negligible at less than
0.6%. Most samples of leach steps 2–4 (Table 2) had more than 100 ng Te
and the Te blank was only 30 pg (0.03%) or lower. For leachates that
released less than �2% of the total Te present in a sample, the blank
contribution is enhanced, because the Te recovery was only 0.1–7 ng (leach
steps 1 and 5, Table 2). However, only two samples (leach steps 5b of
Murchison-b and 1b of Allende-a) have a blank contribution of more than
6%.

The Te isotopic measurements were performed with a Nu Plasma MC-
ICPMS at the ETH Zürich using Ni skimmer cones with narrow exit
angles (NA-type cones, Nu instruments part # 319 284; Fehr et al., 2004).
Most measurements comprised the collection of 80 ratios (5 s integrations)
by static multiple collection with Faraday cups, except for samples with
low Te contents, for which only 20–60 ratios were acquired. The acetic
acid (HAc) leachate of Allende-a, which had the lowest Te recovery of 100
pg, was analyzed using a time-resolved software protocol (which optimizes
the time spent on data acquisition) on only 50 ll of sample solution (15–
30 s analysis time) and with a total Te ion beam of 6 · 10�13 A. For small
amounts of Te, it is advantageous to measure short signals of high
intensity instead of performing longer analysis at low ion beam intensities,
as the former method provides better precision. Measurements obtained
with the time-resolved software consume 4–6 times less Te compared to
solutions of the same concentration analyzed with the standard software,
whereas the achievable reproducibility is similar for both methods (Fig. 1).

For mass fractionation correction by internal normalization, the
measured Te isotope ratios were primarily normalized to
125Te/126Te = 0.374902 (Lee and Halliday, 1995) with the exponential law.
Samples

Murchison-a + b, Orgueil
All samples
All samples
Murchison-b

C Murchison-b
C All samples
�C All samples

, HPA Allende-a
�C, steel bomb Allende-b, Murchison-a + b, Orgueil



Table 2
Te isotopic data

Sample #a ng Teb Blank (%)c e120Te56 e122Te56 e124Te56 e126Te58 e128Te56 e130Te56

Orgueil (CI1)
Orgueil bulkd 8 9 ± 50 �1.2 ± 2.1 �0.6 ± 1.2 �0.2 ± 0.3 0.5 ± 1.0 1.3 ± 2.0
Leach 1a—2.5% HAc 1 1.5 4 1003 ± 5766 107 ± 165 56 ± 86 24 ± 24 �72 ± 73 �130 ± 146
Leach 1b—50% HAc 1 44 0.14 �27 ± 71 �1.8 ± 2.7 �1.9 ± 1.5 �0.1 ± 0.5 0.4 ± 1.4 1.7 ± 2.5
Leach 2—4 M HNO3 2 114 0.05 13 ± 57 �1.6 ± 2.4 �1.0 ± 1.3 �0.4 ± 0.4 1.3 ± 1.2 3.2 ± 2.2
Leach 3c—6 M HCl 80 �C 5 398 0.02 �5 ± 52 �0.7 ± 2.2 �0.6 ± 1.2 �0.1 ± 0.3 0.3 ± 1.1 0.9 ± 2.0
Leach 4—13.5 M HF + 3 M HCl 1 48 0.13 �66 ± 71 �0.1 ± 2.7 �0.2 ± 1.5 �0.1 ± 0.5 0.4 ± 1.4 0.9 ± 2.5
Leach 5b—HF–HNO3 bomb 1 7 0.9 �191 ± 589 15 ± 19 4.6 ± 7.3 1.1 ± 3.0 �3.3 ± 9.0 �5 ± 18

Murchison (CM2), USNM 5459

Murchison bulkd 6 �20 ± 51 �0.3 ± 2.2 0 ± 1.2 0.0 ± 0.3 �0.1 ± 1.1 0.3 ± 2.1

Murchison-a

Leach 1b—50% HAc 1 4 1.5 40 ± 473 �17 ± 37 �13 ± 15 �2.4 ± 5.6 7 ± 17 14 ± 34
Leach 2 - 4 M HNO3 1 80 0.08 �34 ± 71 �2.3 ± 2.7 �1.5 ± 1.5 �0.4 ± 0.4 1.1 ± 1.4 3.5 ± 2.5
Leach 3c—6 M HCl 80 �C 4 361 0.02 0 ± 54 �1.9 ± 2.2 �1 ± 1.2 �0.3 ± 0.3 0.8 ± 1.1 1.9 ± 2.1
Leach 4—13.5 M HF + 3 M HCl 1 39 0.15 �2 ± 71 �2.9 ± 2.7 �1.7 ± 1.5 �0.1 ± 0.4 0.2 ± 1.4 1.5 ± 2.5
Leach 5b—HF–HNO3 bomb 1 5 1.2 209 ± 589 1 ± 19 7 ± 7 1.9 ± 3.0 �6 ± 9 �8 ± 18

Murchison-b

Leach 1a—2.5% HAc 1 1.6 3.8 �1762 ± 7055 �1 ± 265 �36 ± 198 0 ± 38 0 ± 114 3 ± 219
Leach 1b—50% HAc 1 6 1.0 �70 ± 1085 �7 ± 38 �1 ± 19 �1.0 ± 5.1 3 ± 15 5 ± 28
Leach 2—4 M HNO3 1 76 0.08 7 ± 82 �1.9 ± 2.9 �0.8 ± 1.5 �0.3 ± 0.4 0.9 ± 1.4 1.8 ± 2.7
Leach 3a—6 M HCl cold 4 1410 0.004 13 ± 53 �0.6 ± 2.2 �0.2 ± 1.2 0.0 ± 0.3 0.0 ± 1.1 0.1 ± 2.1
Leach 3b—6 M HCl 36 �C 3 243 0.02 23.9 ± 54.7 �1.1 ± 2.3 �0.6 ± 1.2 �0.2 ± 0.3 0.6 ± 1.1 1.2 ± 2.1
Leach 3c—6 M HCl 80 �C 1 74 0.08 11 ± 82 �0.5 ± 2.9 0.1 ± 1.5 �0.1 ± 0.4 0.4 ± 1.4 0.8 ± 2.7
Leach 4—13.5 M HF + 3 M HCl 1 20 0.3 172 ± 473 7 ± 37 5 ± 15 2.4 ± 5.6 �7 ± 17 �13 ± 34
Leach 5b—HF–HNO3 bomb 1 0.3 20 534 ± 7055 15 ± 265 �16 ± 198 21 ± 38 �62 ± 114 �94 ± 219

Allende (CV3), USNM 6159

Allende bulke 17 0 ± 49 �0.6 ± 2.1 �0.3 ± 1.1 0.0 ± 0.3 0.0 ± 1.0 0.4 ± 2.0
Allende bulk bombd 2 24 ± 55 0.7 ± 2.5 �0.1 ± 1.2 0.1 ± 0.4 �0.3 ± 1.3 �0.7 ± 2.5

Allende-a

Leach 1b—50% HAcf 1 0.1 60 1611 ± 7560 �165 ± 164 �144 ± 65 �20 ± 27 60 ± 74
Leach 2—4 M HNO3 1 48 0.13 1 ± 55 1.2 ± 2.7 0.3 ± 1.5 0.2 ± 0.8 �0.7 ± 1.4 �0.9 ± 2.7
Leach 3c—6 M HCl 80 �C 4 718 0.008 1 ± 51 �0.9 ± 2.1 �0.1 ± 1.2 �0.1 ± 0.3 0.4 ± 1.1 0.9 ± 2.1
leach 4—13.5 M HF + 3 M HCl 2 295 0.02 41 ± 57 �1.0 ± 2.3 �0.6 ± 1.3 0.0 ± 0.4 0.1 ± 1.2 0.9 ± 2.2
Leach 5a—aqua regia HPA 1 3.2 1.9 37 ± 358 6 ± 21 �1 ± 11 0.5 ± 3.9 �1 ± 12 �2 ± 21

Allende-b

Leach 1b—50% HAc 1 3.2 1.9 �146 ± 1330 �2 ± 55 �8 ± 37 �3 ± 8 8 ± 25 19 ± 49
Leach 2—4 M HNO3 1 89 0.07 �38 ± 65 �0.3 ± 2.8 �0.6 ± 1.4 0.1 ± 0.4 �0.4 ± 1.4 0.4 ± 2.6
Leach 3c—6 M HCl 80 �C 2 174 0.03 �2 ± 60 �2.2 ± 2.6 �1.4 ± 1.4 �0.4 ± 0.4 1.3 ± 1.3 2.9 ± 2.5
Leach 4—13.5 M HF + 3 M HCl 1 60 0.10 �17 ± 71 �2.6 ± 2.7 �1.6 ± 1.5 �0.3 ± 0.5 0.9 ± 1.4 2.6 ± 2.5
Leach 5b—HF–HNO3 bomb 1 1.1 5.5 �3992 ± 4094 �50 ± 175 �56 ± 75 �7 ± 13 20 ± 33 56 ± 70

Synthetic samples (doped with Te standard)

Iron-meteorite matrix e 6 �1 ± 50 �1.2 ± 2.1 �0.5 ± 1.1 �0.1 ± 0.3 0.3 ± 1.0 0.8 ± 2.0
Chondrite matrix e 7 0 ± 49 �0.7 ± 2.1 �0.3 ± 1.1 �0.1 ± 0.3 0.2 ± 1.0 0.8 ± 2.0
Diorite matrixe,g 15 �9 ± 51 �1.0 ± 2.2 �0.9 ± 1.1 �0.2 ± 0.3 0.5 ± 1.1 1.5 ± 2.0
Diorite matrix, W-Zr methode,h 4 �0.1 ± 0.3 0.3 ± 1.5 0.8 ± 2.4

Synthetic spectrai

p-process excess 100 0.0 0.0 0.0 0.0 0.0
r-process excess Richterj 0 0.0 0.0 �1.7 5.0 4.9
r-process excess Maask 0 0.0 0.0 �1.7 5.0 12
r-process excess Meyerl �7 �5.0 �2.5 �1.4 4.0 11
s-process excessm 6 9.0 6.2 1.9 �5.6 �8.3
s-process depletionm �6 �9.0 �6.2 �1.9 5.6 8.3

Combined mean values are shown for samples with multiple analyses. The quoted analytical uncertainties (2r) include the errors for standard and sample
measurements and for the blank. The error from the blank was calculated assuming an uncertainty of 100% for the blank and a difference in the isotope
composition of 1&. The blank contributes a significant fraction (�3%) to the e126Te uncertainty of leach 1b for Allende-a; for all other results the
additional uncertainty from the blank correction is <1%. HAc, CH3COOH; HPA, high pressure asher.
exTe56 = {[(xTe/125Te)sample � (xTe/125Te)std]/(xTe/125Te)std} · 104, normalized to 125Te/126Te = 0.374902 (Lee and Halliday, 1995) with the exponential
law;
e126Te58 = {[(126Te/128Te)sample � (126Te/128Te)std]/(126Te/128Te)std} · 104, normalized to 125Te/128Te = 0.22204 (Lee and Halliday, 1995) with the expo-
nential law;
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a # denotes the number of individual measurements.
b Recovered amount after chemical separation.
c Blank contribution was calculated assuming a blank of 60 pg Te.
d From Fehr et al. (2005).
e From Fehr et al. (2004).
f No e130Te values are shown because of a known Ba interference.
g Eight individual measurements for e120Te and e122Te, 2 measurements for e130Te.
h No e120Te, e122Te and e124Te values are shown because of known Sn interferences.
i Synthetic spectra are calculated assuming r-process compositions as measured by Richter et al. (1998)j and Maas et al. (2001)k and as calculated by

Meyer in Maas et al. (2001)l; s-process compositions are from Arlandini et al. (1999)m.

Fig. 1. Isotopic results for Te standard solutions with concentrations of
1–75 ppb. Each data point represents the mean of 6–30 individual
measurements. The quoted errors are 2r external reproducibilities. The
(126Te/128Te)58 ratios were determined using Faraday collectors with and
without use of the time-resolved software and are internally normalized
relative to 125Te/128Te. The numbers denote the concentration of the Te
standard in ppb. Measurements obtained with the time-resolved software
consume 4–6 times less Te compared to solutions of the same concentra-
tion analyzed with the standard software.

Table 2 (continued)
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The exTe56 values (whereby the subscript denotes the normalization
method) of the samples were then calculated relative to the mean isotopic
data obtained for a JMC Te standard on the same day using
exTe56 = {[(xTe/125Te)sample � (xTe/125Te)std]/(xTe/125Te)std} · 104. Addi-
tionally, 126Te/128Te isotope ratios were normalized with the exponential
law relative to 125Te/128Te = 0.22204 (Lee and Halliday, 1995) and are
reported as e126Te58.

For 100–150 ppb Te standard solutions, the reproducibility (2r) on
one day is typically ±47 e for 120Te/125Te, ±2.0 e for 122Te/125Te, ±1.1 e
for 124Te/125Te, ±1.0 e for 128Te/125Te, ±1.9 e for 130Te/125Te (all previous
ratios are normalized to 125Te/126Te), and ±0.3 e for (126Te/128Te)58. If less
than 100 ng Te is analyzed, the error on the isotopic composition is larger,
however. Tellurium isotope measurements for standard solutions with Te
concentrations of 1–50 ppb were performed on seven measurement ses-
sions over a period of about 9 months. The xTe/128Te ratios remained
constant with time and showed no dependence on concentration. The
results for (126Te/128Te)58, in the form of mean values obtained for 6–30
individual measurements, are shown in Fig. 1. Similar analyses were
performed using the time-resolved approach on three measurement ses-
sions (Fig. 1). The reproducibility of 17 Allende chondrite measurements is
similar to the reproducibility obtained for repeated analyses of the Te
standard (Fehr et al., 2004). Therefore, the reproducibility (2r) of isotopic
measurements for Te standard solutions with matching concentrations
was used as a conservative estimate for the 2r uncertainties of both the
standard and sample measurements. For the calculation of mean values,
the variances from duplicates were combined quadratically assuming
a single population. The uncertainty that is introduced by the blank
(Table 2) was estimated by assuming a mean blank of 60 ± 60 pg, and a
difference in the Te isotope composition of 1&. Based on this, the blank
contribution is responsible for less than 3% of the total uncertainty of the
Te isotope data.

The Sn and Te abundances of the samples were measured by
quadrupole ICP-MS on sample solution aliquots that did not undergo
chemical separation to avoid any chemical fractionation of Sn from Te.
Concentrations were determined after an external calibration that uti-
lized synthetic standard solutions. Samples and standards were prepared
in 0.5 M HNO3 and 0.01 M HF to stabilize Sn and Te and prevent
precipitation of SnO2. Rhodium, Cd, and Sm were used as internal
standards to compensate for non-spectral interferences. A blank cor-
rection was performed by subtracting the ion beam intensities obtained
for the blank from those of the corresponding samples. The analyses
typically have a precision of better than 10% relative standard deviation
(2r) for concentrations above 0.5 lg/l Sn and Te. The limits of detec-
tion (LODs) were 0.01 lg/l for 118Sn and 0.05 lg/l for 128Te, corre-
sponding to about 0.1–5 ppb (ng/g) Sn and 0.5–25 ppb Te in the
original samples, depending on the final dilution. The reproducibility of
the Sn, Te, and Sn/Te data is about ±20%, based on repeated mea-
surements of bulk Allende and accounting for minor material loss
during the leaching procedure. The uncertainties of the individual
sample and blank measurements were added to the 20% uncertainty,
but this contribution is negligible for sample solutions above 0.5 lg/l Sn
and Te. For Sn and Te concentrations close to the LOD, the total
uncertainties are larger but for most samples they are still better than
about 30% (Table 3).

The Mg, Na, K, and Ca concentrations of the Orgueil leach fractions
(Table 4) were also determined by quadrupole ICP-MS on separate
solution aliquots using techniques similar to those applied for Sn and Te.
It is evident that the total combined K and Ca abundances of the leachates
are significantly lower than published results for bulk samples of Orgueil
(Table 4), and this difference can be only partly explained by the material
loss that occurred during the leaching procedure. The discrepancy prob-
ably reflects that these concentration data are essentially by-products of
multi-element analyses that focused primarily on high-mass (>80 amu)
elements. Regardless of this shortcoming, the data are nonetheless suitable
for evaluating the relative abundances of the respective elements in the
various leachate fractions.
3. Results and discussion

3.1. Distribution of Sn and Te in the leachates—implications

for their host phases

Tin and Te are both moderately volatile elements with
half mass condensation temperatures of 703 and 705 K,
respectively, and they are thought to condense primarily
as alloys with Fe at total gas pressures of 10�4 bar (Lod-
ders, 2003). Due to this similarity in behavior, Sn/Te ratios
are unlikely to be fractionated significantly during conden-
sation in the early solar nebular and any larger fractiona-



Table 4
Mg, Na, K, and Ca concentrations of the Orgueil leach fractions

Orgueil leach steps Mg (%) Na (ppm) K (ppm) Ca (ppm)

1a—2.5% HAc 0.3 >728 88 1217
1b—50% HAc 0.5 1704 82 <5
2—4 M HNO3 5.6 320 77 <39
3c—6 M HCl 80 �C 0.6 36 6 <13
4—13.5 M HF–3 M HCl 0.1 4 1 <1

Total Orgueil 7.1 >2791 254 1217

Bulk Orgueila 9.6 4990 543 9076

Elemental concentrations are calculated relative to the weight of the bulk
sample. HAc, CH3COOH.

a From Lodders (2003).

Table 3
Distribution of Sn and Te in leachates of carbonaceous chondrites

Sn (ppb) rel. to bulka Te (ppb) rel. to bulka Sn (ppb)b Te (ppb)b 124Sn/128Te

Orgueil: 1.0 g

1a—2.5% HAc 0.7 ± 0.2 2.0 ± 0.5 18 50 0.07 ± 0.02
1b—50% HAc 1.3 ± 0.3 109 ± 22 8 663 0.0022 ± 0.0005
2—4 M HNO3 196 ± 40 1,101 ± 223 190 1,063 0.033 ± 0.007
3c—6 M HCl 80 �C 504 ± 102 874 ± 180 1,154 2,001 0.11 ± 0.02
4—13.5 M HF–3 M HCl 155 ± 31 99 ± 20 8,055 5,139 0.29 ± 0.06

Total Orgueil 858 2,185

Bulk Orgueilc 1,150 2,490

Murchison-a: 1.5 g

1a—2.5% HAc 0.6 ± 0.1 2.9 ± 0.7 28 138 0.036 ± 0.011
1b—50% HAc 6 ± 1 22 ± 5 26 104 0.045 ± 0.011
2—4 M HNO3 71 ± 16 784 ± 155 54 595 0.016 ± 0.004
3c—6 M HCl 80 �C 631 ± 126 444 ± 89 3,184 2,238 0.26 ± 0.05
4—13.5 M HF–3 M HCl 158 ± 31 64 ± 13 30,004 12,177 0.45 ± 0.09

Total Murchison-a 867 1,317

Murchison-b: 2.0 g

1a—2.5% HAc 0.8 ± 0.2 1.6 ± 0.4 51 108 0.09 ± 0.03
1b—50% HAc 2.4 ± 0.5 8 ± 2 12 41 0.055 ± 0.014
2—4 M HNO3 35 ± 7 371 ± 75 25 264 0.017 ± 0.004
3a—6 M HCl cold 559 ± 114 785 ± 158 2,400 3,368 0.13 ± 0.03
3b—6 M HCl 36 �C 99 ± 19 135 ± 28 2,467 3,360 0.13 ± 0.03
3c—6 M HCl 80 �C 23 ± 5 32 ± 7 978 1,340 0.13 ± 0.03
4—13.5 M HF–3 M HCl 85 ± 17 11 ± 3 3,641 473 1.39 ± 0.33
5b—HF–HNO3, bomb 7 ± 2 6 ± 2 335 296 0.21 ± 0.05

Total Murchison-b 812 1,350

Bulk Murchisonc 720 1,660

Allende-a: 2.0 g

1b—50% HAc 7 ± 1 1.1 ± 0.6 21 3 1.17 ± 0.62
2—4 M HNO3 7 ± 3 172 ± 39 5 132 0.007 ± 0.003
3c—6 M HCl 80 �C 195 ± 40 539 ± 116 576 1,594 0.067 ± 0.014
4—13.5 M HF–3 M HCl 255 ± 50 216 ± 44 2,409 2,044 0.22 ± 0.04
5a—aqua regia, HPA 3 ± 3 18 ± 6 13 71 0.03 ± 0.03

Total Allende-a 466 946

Bulk Allendec 543 1,034

HAc, CH3COOH; HPA, high pressure asher.
a Elemental concentrations calculated relative to the weight of the bulk sample.
b Concentrations relative to dissolved mass. The uncertainties of the data are difficult to estimate due to the uncertainty of the actual dissolved mass,

which was approximated by the weight of the dried leach solution.
c From Fehr et al. (2005).
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tions should thus reflect later processes. For example, any
subsequent sulfurization of Fe-alloys may be associated
with a redistribution of Te from the metal phase into troi-
lite, due to the strong chalcophile affinity of this element.
Direct condensation of Te into troilite is also possible but
this occurs primarily at lower gas pressures of 10�6 bar
with a 50% condensation temperature of 694 K (Lodders,
2003). In the following, the observed distribution patterns
of Sn and Te in the different acid leachates of Orgueil, Mur-
chison, and Allende (Fig. 2, Table 3) are evaluated, as they
provide new constraints on the host phases of these ele-
ments in carbonaceous chondrites. The Sn and Te abun-
dances are reported as elemental concentrations in the



Fig. 2. Distribution of Sn and Te in sequentially leached bulk rock
powders of Orgueil, Murchison, and Allende. Data are from Table 3.
HAc, CH3COOH; HPA, high pressure asher.
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whole rock (relative to the initial bulk sample) and as con-
centrations relative to the dissolved mass of each leachate
fraction (as calculated from the mass of the dried leach
solution). The latter values are a measure of the actual
Sn and Te concentrations of the material that was dissolved
in a particular leaching step.

Most of the Sn (60–84%) was released in the 6 M HCl
leachates except for Allende-a, where the majority of the
Sn was present in the 13.5 M HF–3 M HCl leachate
(55%) and slightly less (42%) in the 6 M HCl fraction. Only
minor amounts of Sn (<2%) were released by acetic acid
(HAc) and during the final dissolution step. Tellurium
shows a slightly different release pattern. Most of the Te
was present in the 4 M HNO3 and the 6 M HCl leachates
(75–98%). For Murchison-b, three subsequent 6 M HCl
leach steps were performed at different temperatures. Dur-
ing this experiment, the majority of both the Sn and Te
were released by 6 M HCl at room temperature
(60–70%), whereas the following HCl steps revealed signif-
icantly lower Sn and Te contents with 10–12% and 2–3% of
the total Sn and Te, respectively. For Orgueil, a significant
fraction (5%) of the total Te was already leached from the
sample with 50% HAc. The HAc leachates of the other
meteorites and all final digestion steps contained less than
2% of the total Te budgets.

Tellurium is strongly chalcophile, but it can also behave
as a siderophile element if sulfides are not present (Mason
and Graham, 1970; Leutwein, 1972; Allen and Mason,
1973; Lodders, 2003). In this study, the majority of the
Te was present in leach steps 2 (HNO3), 3 (HCl), and 4
(HF–HCl; Table 3, Fig. 2). It is therefore possible that this
distribution reflects the partial leaching of sulfides by
HNO3 and subsequent further dissolution by HCl. Howev-
er, it is also conceivable that the Te release patterns are due
to the presence of distinct sulfide phases that are preferen-
tially attacked by acids of different strength. As the ana-
lyzed meteorites contain only minor amounts of metal,
the distribution of Te in the leachates is in accord with
the conclusion that sulfides are important carrier phases
of this element in carbonaceous chondrites.

Previous heating experiments on ordinary and carbona-
ceous chondrites indicate that Te is hosted in two main
phases in these meteorites, most probably troilite and an
additional low-temperature phase (Ikramuddin et al.,
1977; Matza and Lipschutz, 1977; Lauretta et al., 2002)
that appears to be soluble in hot water (Goles and Anders,
1962; Reed and Allen, 1966). Goles and Anders (1962) sug-
gested that this water-soluble mineral could be epsomite
(MgSO4) for the carbonaceous chondrite Murray. Reed
and Allen (1966) reported that 63% of the Te in Orgueil
is leachable with hot water. This indicates that sulfates
may host significant quantities of tellurium. Several lines
of evidence, however, argue against the interpretation that
sulfates are an important carrier phase of Te in carbona-
ceous chondrites and their parent bodies. First, the sulfates
of Orgueil are thought by some to be primarily of terrestri-
al origin (formed by reaction with atmospheric water and/
or oxidation processes that occurred during sample stor-
age) and not a primary feature of the meteorites (Gounelle
and Zolensky, 2001). Second, it has been shown that only
Orgueil has abundant sulfate, whereas sulfates are rare in
Murchison and absent in Allende (Burgess et al., 1985,
1991). Third, for all three carbonaceous chondrites, only
minor amounts of Te (<5%) were released with HAc in
the first stage of the leaching process (Table 3, Fig. 2). In
contrast, Fredriksson and Kerridge (1988) showed that
the water-soluble phases of Orgueil contain virtually the
complete Na and K budget, as well as about 50% of the
Ca and 11% of the Mg. Based on this, they concluded that
sulfates and carbonates had been dissolved. In this study,
the complete Ca inventory, more than 87% of the Na
and 67% of all K were released by leaching of Orgueil with
HAc. This suggests that those phases that are leachable
with hot water in Orgueil were also digested by the HAc
leach steps of our procedure. The absence of significant
quantities of Te in the HAc leachates of Orgueil thus im-
plies that only a very minor part of the Te of this meteorite
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is hosted in sulfates. By inference, this conclusion also ap-
plies to Murchison and Allende. The reason for the dis-
crepancy between the data of the present study and the
results of Reed and Allen (1966) is unclear at present, but
it may reflect primary sample heterogeneity, heterogeneities
in the distribution of altered phases or, alternatively, ana-
lytical artifacts.

Tin is mainly siderophile with some chalcophile and
lithophile affinities (Hamaguchi and Kuroda, 1969; Buseck,
1970; Mason and Graham, 1970; Allen and Mason, 1973).
The analyzed carbonaceous chondrites contain only minor
amounts of metal and the distribution of Sn and Te in the
leachates is similar (Fig. 2, Table 3). This implies that sul-
fides, which are thought to be the main carrier of Te, could
also be an important host phase for Sn in carbonaceous
chondrites. Such a conclusion stands in contrast to the
occurrence of Sn in iron meteorites and ordinary chon-
drites, where it is mainly present in the metal phase (Shima,
1964; Mason and Graham, 1970; Fehr et al., 2005). How-
ever, as the carbonaceous chondrites analyzed in this study
contain less than 0.5% metal, Sn may display the same
chalcophile affinity that has been documented for its occur-
rence in the Earth’s crust, where it is often enriched in sul-
fides (Yi et al., 1995).

Magnetite and ilmenite are the two phases that dis-
play the largest enrichments of Sn in the terrestrial man-
tle (Noll et al., 1996). Furthermore, Sn can be found as
Sn-oxide in chondritic interplanetary dust particles (Riet-
meijer, 1989). This suggests that oxides could also be an
important host phase for Sn in meteorites, particularly
given that the carbonaceous chondrite Orgueil consists
of about 10% magnetite (Hyman et al., 1979; Hyman
and Rowe, 1983). In general, oxides should not dissolve
in HNO3 but they may be leached by HCl (Johnson and
Maxwell, 1981). In the present study, the HCl fraction
contains most of the Sn released from Orgueil. Magnetite
may, therefore, be the host for some of the Sn released
in that step. However, the magnetite of CI chondrites
has extremely low concentrations of minor elements
(Brearley and Jones, 1998). In addition, similar amounts
of Sn were leached by HCl from Murchison, Allende,
and Orgueil (Table 3, Fig. 2), even though the former
meteorites have only minor magnetite contents. This sug-
gests that magnetite cannot be a main carrier phase of
Sn in the investigated meteorites.

The presence of significant amounts of Sn (11–55%) and
Te (1–23%) in the HF–HCl leachates, furthermore, implies
that some silicate phases may be enriched in these elements,
such that they carry a significant part of the elemental bud-
gets (Table 3, Fig. 2). This is particularly true for Sn, which
is known to be concentrated in minerals such as feldspar,
amphibole, biotite and titanite in terrestrial rocks (Hamag-
uchi and Kuroda, 1969). Alternatively, the release of Te
and Sn by HF–HCl leaching may reflect, at least in part,
the digestion of small sulfide and metal inclusions within
silicates that were previously shielded from dissolution by
HNO3 and HCl.
3.2. Variations in 126Te/128Te and the initial 126Sn/124Sn of

the solar system

The leaching procedure (Table 1) offers the potential to
attack phases of carbonaceous chondrites, which formed
very early in the solar system and that are characterized
by different Sn/Te ratios. Such leachates may thus exhibit
variations in the relative abundance of 126Te from the de-
cay of formerly live 126Sn. Although the overall distribu-
tion of Sn and Te in the various leach fractions is similar
(Fig. 2), the 124Sn/128Te ratios of the leachates vary consid-
erably, from about 0.002 to 1.4 (Table 3). Despite this
range in Sn/Te, the leachates of Orgueil, Murchison, and
Allende reveal no variability in the relative abundance of
126Te and all have e126Te values that are identical to the ter-
restrial standard and bulk carbonaceous chondrites within
the analytical precision (Table 2).

In order to constrain the initial solar system abundance
of 126Sn, the (126Te/128Te)58 data are plotted in isochron
diagrams as a function of 124Sn/128Te (Fig. 3). The slopes
of the regression lines in these diagrams define an initial
126Sn/124Sn of <31 · 10�5 for Orgueil, of <9.4 · 10�5 for
Murchison, and of <16 · 10�5 for Allende. If all the leach-
ate data are combined (Fig. 3d), the slope indicates an ini-
tial 126Sn/124Sn of <7.7 · 10�5 at the time of closure of the
Sn–Te system in the carrier phases. Based on results ob-
tained for bulk carbonaceous chondrites, Fehr et al.
(2005) deduced an initial solar system 126Sn/124Sn ratio of
<18 · 10�5, which overlaps with the more restrictive values
calculated from the new data. Please note that the initial
abundance of 126Sn was reported as 126Sn/118Sn in Fehr
et al. (2005). The stable nuclide 124Sn is more useful for
normalization than 118Sn, however, because both 124Sn
and 126Sn are pure r-process isotopes, whereas 118Sn is pro-
duced mainly by the s-process (Arlandini et al., 1999).

Given the short half-life of 126Sn, it is essential to realize
that the lack of resolvable effects for 126Te/128Te merely
provides evidence that the level of 126Sn was too low to
be detectable in the analyzed samples and this limits the
amount that could have been present in the early solar sys-
tem. In this respect, it is also important to consider the fol-
lowing issues:

(1) The leachates display a much larger range of
124Sn/128Te ratios than bulk samples of carbonaceous
chondrites (124Sn/128Te � 0.07–0.24; Fehr et al.,
2005) but they do not exhibit the very high parent–
daughter ratios that have aided the utilization of
other short-lived decay systems (e.g., 26Al–26Mg,
107Pd–107Ag). The limited Sn–Te fractionation
restricts the amount of formerly live 126Sn that can
be detected, in spite of the extremely precise measure-
ment techniques.

(2) It is possible that the lack of radiogenic Te isotope
anomalies in bulk carbonaceous chondrites and their
leachates reflects redistribution of Te (and/or Sn) by
alteration processes, because both elements appear



Fig. 3. Sn–Te isochron diagrams for leachates of (a) Orgueil, (b) Murchison, and (c) Allende. In panel (d) all leachate data are combined. The
(126Te/128Te)58 ratios are the combined mean values of several individual measurements. They are internally normalized relative to 125Te/128Te and
recalculated from Table 2, assuming e126Te58 = 0 corresponds to 126Te/128Te = 0.592260 (Fehr et al., 2004). Error bars (2r) for (126Te/128Te)58 represent
the combined uncertainties of the sample and standard measurements; the errors for 124Sn/128Te are 2r. The quoted uncertainties for the initial 126Sn/124Sn
ratios represent the 95% confidence interval.
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to be mainly hosted in sulfide phases. Sulfides are
readily affected by both thermal metamorphism,
which is primarily an issue for Allende, and aqueous
alteration, which has been particularly severe for
Orgueil and, to a lesser extent, Murchison. It is con-
ceivable that the combined effects of these processes
may have compromised the primary sulfide-hosted
Te isotope signatures of carbonaceous chondrites
(Matza and Lipschutz, 1978; Zolensky and McS-
ween, 1988; Bourot-Denise et al., 1997; Lauretta
et al., 1997a; Zanda et al., 1997; Grossman, 2002;
Bullock et al., 2005). However, it has also been pro-
posed that at least some sulfides of carbonaceous
chondrites are primary unaltered nebular conden-
sates (Lauretta et al., 1997b), and such sulfides would
be ideally suited for characterizing the initial solar
system abundance of 126Te. A recent study, further-
more, provided evidence for the former presence of
the short-lived nuclide 36Cl (half-life 0.3 Myr) in
alteration phases of calcium–aluminum-rich inclu-
sions (Lin et al., 2005). Hence, it is unclear to which
extent aqueous alteration reflects early nebular pro-
cesses (that may have occurred while 126Sn was still
alive) or reactions that took place primarily on mete-
orite parent bodies, such that they would have erased
any small-scale variations in 126Te/128Te (e.g.,
Zolensky and McSween, 1988; Bischoff, 1998; Brear-
ley, 2004).

(3) It is also possible that anomalies in 126Te/128Te were
not observed because too little or no 126Sn was syn-
thesized. A type-II supernova can generate a fresh
supply of short-lived radioisotopes such as 26Al,
41Ca, 53Mn, 60Fe, and 107Pd, even though very special
conditions may be required to obtain initial abun-
dances that are deduced from the published analytical
data (Russell et al., 2001; Busso et al., 2003). Such a
scenario is able to provide live 126Sn depending on
the free decay interval between nucleosynthetic pro-
duction and the condensation of the first solids. The
free decay interval was short enough for 126Sn to be
present, if the 41Ca (half-life �0.103 Myr) and 36Cl
that have been detected in meteorites were indeed
mainly derived from the same supernova source. So
far no supernova models have been published that
predict the nucleosynthetic production yields of vari-
ous isotopes relative to 126Sn. However, the
126Sn/124Sn production ratio can be estimated follow-
ing the method discussed in Meyer and Clayton
(2000). The 126Sn/124Sn r-process production ratio
has to be close to the 126Te(r)/124Sn solar system
ratio, which is 2.4. Assuming a delay of 1 Myr before
the injection of the supernova ejecta (Meyer et al.,
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2004), this corresponds to an initial ratio of 0.13 at
the time of solar system formation. The application
of dilution factors calculated from the observed initial
abundances of 53Mn and 182Hf yields initial
126Sn/124Sn ratios of 1.2 · 10�5 and 3.7 · 10�5,
respectively. The constraint of 126Sn/124Sn
<7.7 · 10�5, as deduced from the present leachate
data (Fig. 3d), can therefore not be used to argue
against a supernova trigger for the formation of the
solar system or the injection of short-lived radionuc-
lides into an already-formed protoplanetary disk.
However, the above calculations demonstrate that
the present analytical techniques are precise enough
to potentially detect formerly live 126Sn, if phases
with highly fractionated Sn/Te ratios could be
analyzed.
3.3. Nucleosynthetic Te isotope anomalies

3.3.1. Tellurium isotope compositions of the leachates

The e120Te, e122Te, e124Te, e128Te, and e130Te data ob-
tained for the Orgueil, Murchison, and Allende leachates
are summarized in Fig. 4 and Table 2. Most samples dis-
play small positive e130Te56 and e128Te56 values, whereas
they have small negative values for e122Te56 and e124Te56.
ig. 4. Results obtained for e120Te56, e122Te56, e124Te56, e128Te56, and e130Te56 f
dividual leach steps as described in Table 1. Shown are the combined mean
certainty of the sample and standard measurements. The plots in the top ro

gh precision (note the difference in scale). On the top of the first row, the nuc
he exTe56 values are calculated with 125Te (produced by the s- and r-process
Nonetheless, the overwhelming majority of the leachates
display Te isotope compositions that are identical to the
terrestrial standard (exTe = 0) within the analytical preci-
sion. The HNO3 fraction of Murchison-a has the most po-
sitive e130Te56 of +3.5 ± 2.5 but unfortunately there was
only sufficient Te for a single precise measurement. In con-
trast, the same leach step of Murchison-b does not exhibit a
130Te anomaly as it is characterized by a e130Te56 of
+1.8 ± 2.7. This discrepancy may be due to sample hetero-
geneity, small differences in the leaching procedures, or
analytical artifacts. The latter possibility is further
discussed below.

3.3.2. Potential analytical problems
Tests conducted with a diorite, a chondrite and an iron-meteorite ma-

trix that were doped with the exTe = 0 standard yielded slightly positive
e130Te and negative e122Te and e124Te results, which are within uncertain-
ties identical to the pure Te standard (Fehr et al., 2004; Fig. 4 and Table
2). This implies that there are small residual analytical artifacts, which re-
sult in enhanced e130Te and reduced e122Te, e124Te values, even though
these effects are not fully resolvable given the present uncertainties. It is
conceivable that this is due to some residual isotope fractionation effects,
as 125Te/126Te is used for fractionation correction.

Matrix tests with a diorite were also performed using the column
chemistry procedure that was originally developed for the separation of
W and Zr (Fehr et al., 2004). The e120Te, e122Te, and e124Te were not mea-
sured, since interfering Sn was not separated by a second column chemis-
or leachates of Orgueil, Murchison, and Allende. The numbers denote the
values of several measurements. The error bars (2r) denote the combined
w display all data, whereas the bottom row shows only results obtained at
leosynthetic processes by which each Te isotope can be formed are shown.
) as the reference isotope in the numerator of all ratios.
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try. The test samples yielded slightly less extreme values of e126Te58 =
0.1 ± 0.3 and e130Te56 = 0.8 ± 2.4 than the diorite matrix samples, which
were processed using the dedicated Te separation protocol (Table 2,
Fig. 4). Therefore, the two separation methods should give identical re-
sults. In this respect it is interesting to note that the leachates (Orgueil,
Murchison-a, and Allende-b), from which Te was isolated with the W
and Zr method, deviate slightly more from exTe = 0 than the samples that
were treated with the Te separation method of Fehr et al. (2004). This dif-
ference is thus unlikely to be the result of the two chemical separation
methods.

In the following, various potential analytical problems are evaluated in
detail, to assess whether the small observed deviations from e130Te = 0 for
some leachates (Table 2, Fig. 4) indeed reflect real isotopic variations. The
evaluation focuses in particular on the HNO3 leachate of Murchison-a, be-
cause this sample displays the largest Te isotope anomaly detected so far
for any sample, including the bulk chondrites, iron meteorites and sulfides
analyzed in a previous study (Fehr et al., 2005).

The total chemistry yield of the Te separation is typically about 70–
80%. However, the use of HNO3 for sample preparation can significantly
reduce the Te yields (Fehr et al., 2004). All HNO3-leachates of this study,
as well as the final dissolutions (step 5, Table 1), had yields of only about
10–15%. This is probably due to the presence of Te in unfavorable com-
plexes and/or an unfavorable oxidation state during loading of the ion-ex-
change columns. In order to ensure that all Te is available as Te(IV),
which is desired, it is essential to treat the samples with conc. HCl prior
to the ion-exchange chemistry (Hanson et al., 1957). It is conceivable that
these low yields generated mass-dependent Te isotope fractionations that
were not adequately corrected for by internal normalization. The analyti-
cal data, however, do not provide support for this interpretation. In par-
ticular, the HNO3-leachate of Murchison-a was found to be
unfractionated in its stable isotope composition relative to the terrestrial
Te standard in 126Te/128Te, within an analytical uncertainty of about
±0.8&, as determined by a standard-sample bracketing technique (Fehr
et al., 2005). These uncertainties are, however, an order of magnitude larg-
er than those of the internally normalized Te isotope data.

Spectral interferences from isobars and molecular ions are the most
likely alternative sources of analytical artifacts. Both Xe and Ba have iso-
topes that are isobars of 130Te. For 130Xe, an interference correction was
applied online during the measurements. Such a correction was not per-
formed for 130Ba due to the limited number of Faraday cups available
for static multiple collection (Fehr et al., 2004). The Ba/Te ratio of each
sample was, however, checked prior to the isotopic analyses and only sam-
ples with Ba/Te 67.5 · 10�3 were analyzed. At this level, the contribution
of 130Ba to the 130Te ion beam is insignificant (given the analytical preci-
sion) at less than 25 ppm (Fehr et al., 2004).

There are a number of potentially problematic molecular ions, such as
SnN, SnO, CdN, CdO, ZrAr, CrAr2, VAr2, TiAr2, MoO2 and the sample
solutions also contained significant amounts of Al, Ca, Fe, Cu, and Zn.
To investigate the effects of these elements, a Te standard solution was doped
with known amounts of potentially problematic elements to obtain similar
or larger contaminant/Te ratios as those of the sample solutions. The impact
of each contaminant element was checked separately as well as in combina-
tion with all other elements. These tests were performed in particular for con-
taminant levels similar to those observed for the HNO3-leachate of
Murchison-a. All doped Te standards had e130Te values identical to those
of the pure Te standard. Therefore, it is unlikely that the e130Te data are
biased by spectral interferences or matrix effects.
3.3.3. Potential excess of r-process 130Te

Previous leaching studies of carbonaceous chondrites re-
vealed isotopic anomalies for several elements (K, Cr, Mo,
Ba, Zr, and potentially for W), which are about one to two
orders of magnitude larger than the possible 130Te excess
for the nitric acid leachate of Murchison-a (Rotaru et al.,
1992; Podosek et al., 1997a, 1999; Dauphas et al., 2002a,
2004a; Hidaka et al., 2003; Schönbächler et al., 2003,
2005). In addition, no anomalies in the abundance of
p-process and s-process Te nuclides were observed in this
study, with the exception of two samples that display
slightly negative values for e122Te (HF–HCl leachate of
Murchison-a) and e124Te (50% HAc leachate of Orgueil),
(Fig. 4, Table 2). There are a number of other elements that
do not display isotope anomalies in similar leaching exper-
iments either, including Ca, Ti, Fe, Ni, Zn, Se, Rb, and Sr
(Rotaru et al., 1992; Podosek et al., 1997b; Dauphas et al.,
2003; Plagge et al., 2003). This leads to the question of why
the leachates of carbonaceous chondrites display large iso-
tope anomalies for some elements, whereas others are iso-
topically normal.

It has been suggested that most of the nucleosynthetic
isotope anomalies determined for leachates of carbona-
ceous chondrites reflect the presence of known (Alexander,
2002; Dauphas et al., 2002a; Schönbächler et al., 2005) or
unidentified (Podosek et al., 1997a, 1999; Alexander, 2002;
Schönbächler et al., 2003, 2005) presolar phases. These
phases exhibit large isotopic anomalies for some of the ele-
ments that are present at high concentrations, whereas
they may not host significant budgets of isotopically
anomalous components for others (Rotaru et al., 1992).
Such differences probably reflect mainly the different pro-
duction sites of the presolar components and their chemi-
cal composition. This can also explain why
nucleosynthetic anomalies are only revealed for certain
elements during stepwise leaching of carbonaceous chon-
drites. In this respect, it is significant that the presolar
Te isotope signatures of nanodiamonds (Maas et al.,
2001) are, on average, less extreme than the Ba, Mo,
and Zr isotope anomalies of presolar silicon carbide
(SiC) and graphite grains (Ott and Begemann, 1990; Zin-
ner et al., 1991; Nicolussi et al., 1997, 1998a,b). Moreover,
the latter types of presolar grains have unknown Te iso-
tope compositions, but they are either not very extreme
and / or the grains contain only tiny amounts of Te. This
conclusion is strongly supported by data for the last Orgu-
eil leach step (5b). This fraction exhibits an e96Zr anomaly
of �38& (Schönbächler et al., 2005), which is likely due
to the presence of SiC grains, but the Te isotope compo-
sition is not anomalous.

The apparent lack of Te isotope anomalies is most likely
due to the high volatility of this element, which hampered
condensation into presolar SiC. It is also possible that larg-
er Te anomalies existed in presolar phases, but they were
subsequently erased or diluted by thermal metamorphism
and aqueous alteration within the solar system. This would
imply that the presolar carrier phases of Te were more sus-
ceptible to such processes than SiC. Alternatively, it is con-
ceivable that Te was volatilized in the solar nebula, leading
to relatively efficient homogenization of any pre-existing
anomalies.

Assuming that the 130Te excesses of the leachates are
real, the most straightforward explanation is the presence
of an r-process component. As both 130Te and 128Te are
produced solely by the r-process, it is reasonable to expect
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correlated anomalies for these two isotopes. It is thus
important that the small positive e130Te56 anomalies of
some leachates are always accompanied by small positive
e128Te56 values (Fig. 4, Table 2), even though the latter
are, within error, identical to the standard. The ideal nor-
malization ratio for the detection of correlated anomalies
in 130Te and 128Te would utilize 122Te and 124Te, as the lat-
ter are both exclusively produced by the s-process. Howev-
er, the use of this normalization pair results in uncertainties
of ±4.3 e units for (128Te/124Te)24 and ±6 e for
(130Te/124Te)24, for the analysis of the Murchison-a
HNO3 leachate. With this precision, no deviations in Te
isotope compositions are resolvable. The use of 125Te as
the reference isotope and 125Te/126Te for mass-bias correc-
tion provides superior precision. Synthetic spectra, which
were calculated for r-process excesses, furthermore reveal
coupled anomalies in e128Te56 and 130Te56, even though
125Te and 126Te are produced by both the s- and r-process
(Table 2, Fig. 4). The 130Te/128Te ratio measured in presolar
diamonds of Allende by Maas et al. (2001) is 2.5 ± 1.2. For
e130Te56 = +3.5 as deduced for the HNO3-leachate of Mur-
chison-a, this would imply an expected e128Te56 of about
+1.5. This prediction is in accord with the Te isotope data
obtained in this study (Table 2). In contrast, Richter et al.
(1998) measured a 130Te/128Te of about 0.98 in presolar dia-
monds of Allende, which is significantly lower. Given the rel-
atively large uncertainties, the data of Richter et al. (1998)
are also in agreement with the results of the present study,
however.

The occurrence of the 130Te excesses shows no systematic
pattern in the leached meteorites. This could be a result of
the small magnitude of the excesses and it is, therefore, high-
ly tentative to argue about the nature of potential carrier
phases. It seems quite unlikely that presolar diamonds,
which host anomalies in the abundances of the r-process
nuclides 128Te and 130Te, are attacked by the leach procedure
applied in this study. However, it is unknown where Te is
actually located in these nanodiamonds. Assuming that
the Te of presolar diamond is not released by the presented
procedure, this implies that there exists at least one addition-
al phase that hosts an r-process Te component. Alternative-
ly, the data could be explained by a very acid resistant phase
with an s-process Te signature that generates an s-process
deficit. The latter option is further discussed below.

Nucleosynthetic Mo isotope anomalies of leachates (and
bulk samples) of carbonaceous chondrites have been inter-
preted to represent coupled r- and p-process anomalies or a
depletion in s-process nuclides (Dauphas et al., 2002a,b,
2004b). No anomalies in the p-process isotope 120Te were
observed in this study (Table 2, Fig. 4). However, these
measurements have large uncertainties, because 120Te is
the least abundant Te isotope (0.1%) and the precision of
the e120Te data is in the range of the largest p-process
Mo isotope anomaly. Nevertheless, the positive anomalies
in 130Te (and 128Te) could also be due to a deficit in s-pro-
cess Te. This would imply the presence of at least one phase
that is enriched in s-process isotopes of Te and which is not
preferentially digested in any of the leaching steps. For Mo
and Zr it was suggested that the s-process components of
these elements were released from presolar SiC (and/or
graphite) grains (Dauphas et al., 2002a; Schönbächler
et al., 2005). A similar interpretation of the Te data is con-
sidered to be unlikely, however, as it was suggested that
presolar SiC grains are at least partially attacked by HCl-
HF (Dauphas et al., 2002a; Schönbächler et al., 2005)
and these leachates do not show an excess of s-process
Te isotopes. Furthermore, it is presently not known if such
grains contain significant amounts of Te with anomalous
isotopic compositions. Since SiC grains are refractory
high-temperature phases, only refractory elements are
expected to condense into them. Therefore, Te might be
too volatile to be incorporated into these grains. Older
analyses of acid-etched residues of Allende that are likely
to be enriched in presolar SiC and graphite, displayed no
Te isotope anomalies, but these measurements were only
precise to about ±2 to ±3& for 125Te/130Te, 126Te/130Te,
and 128Te/130Te because they were conducted on very small
samples by thermal ionization mass spectrometry (Loss
et al., 1990). Furthermore, Allende has a very low abun-
dance of presolar SiC grains. It is also notable in this con-
text, that the r-process Te component of Allende presolar
diamonds requires no complementary s-process material
to be present, as the contribution of the former to the total
Te budget of carbonaceous chondrites is insignificant and
the isotope compositions of this material does not appear
to be extreme (Fehr et al., 2005).

3.4. Conclusions

Leachates of the carbonaceous chondrites Orgueil, Mur-
chison, and Allende do not display radiogenic or large
nucleosynthetic Te isotope anomalies. There is a hint of
small excesses of about 0.3–0.4& for the r-process nuclide
130Te. Compared to the effects determined for 54Cr, 40K,
Mo, Ba, and 96Zr in similar leachates, the 130Te excesses
are one to two orders of magnitude smaller. Any potential
126Te anomalies from the decay of 126Sn are too small to be
resolvable or absent. The upper limit for the initial
126Sn/124Sn ratio, as deduced from the invariance of the
atomic abundance of 126Te with Sn/Te for all leachate data,
is 7.7 · 10�5. How close this is to the initial 126Sn/124Sn ra-
tio of the solar system depends on when the investigated
samples last experienced redistribution of Sn and Te.

In order to continue the search for 126Te anomalies, it
will be necessary to identify phases with high Sn/Te ra-
tios that formed very early in the solar system. In addi-
tion, these phases need to be undisturbed by later
alteration processes and metamorphism. Possible candi-
dates are calcium–aluminum-rich inclusions (CAI’s),
which are thought to be the first solids formed in the so-
lar system and that are known to be the host of many
anomalies from the decay of short-lived radionuclides.
Some CAI’s have Sn concentrations of 1 ppm and more
(Mason and Martin, 1977) and possibly possess high



Search for tellurium isotope anomalies in carbonaceous chondrites 3447
Sn/Te ratios. However, they have to be selected with
caution, because numerous CAI’s of oxidized CV3 carbo-
naceous chondrites have experienced severe alteration
(Krot et al., 1995). In addition, it would be desirable
to investigate whether presolar SiC and graphite grains
have anomalous Te isotope compositions that could be
responsible for the small 130Te excesses observed for
leachates of carbonaceous chondrites.
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