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Section 1 – Analytical techniques 
 

 
 
Fig. S1. Flowchart of the full analytical procedure for the determination of Cd-Tl-Pb 
concentrations and isotope compositions. The final, most precise Cd concentrations are a by-
product of the Cd isotope composition measurements with the double spike technique. ID denotes 
isotope dilution, whilst IC stands for isotope composition.  
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Table S1. Anion exchange chemistry for the separation of Pb and Tl from sample 
solution aliquots spiked with 203Tl and 208Pb, for subsequent concentration 
measurements by isotope dilution MC-ICP-MS (from Baker et al., 2009). 

0.2 ml Bio-Rad AG 1-X8 resin, 200-400 mesh  

Teflon PTFE columns with 3 ml reservoirs  
  

5 ml 0.1 M HCl – 5% SO2 Resin cleaning 

5 ml 0.1 M HCl Resin cleaning 

4 x 0.2 ml 0.2 M HBr – 1% Br2-H2O Resin equilibration 

Sample in ~1 ml 0.2 M HBr – 1% Br2-H2O Sample loading 

1.4 ml 0.2 M HBr – 0.5M HNO3 – 1% Br2-H2O Elute matrix 

2.2 ml 0.03M HBr – 0.5 M HNO3 – 1% Br2-H2O Elute & collect Pb 

2.2 ml 0.03M HBr – 2 M HNO3 – 1% Br2-H2O Elute matrix 

2.2 ml 0.1 M HCl – 1%Br2-H2O Elute matrix 

3.2 ml 0.1 M HCl – 5% SO2 Elute & collect Tl 
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Table S2. Anion exchange chemistry for the separation of Cd from spiked sample solution 
aliquots, for subsequent Cd concentration measurements by isotope dilution MC-ICP-MS 
(modified from Wombacher et al., 2003). 

100 µl Bio-Rad AG 1-X8 resin, 200-400 mesh  

Teflon PTFE columns with 3 ml reservoirs  
  

750 µl 2M HNO3 Resin cleaning 

100 µl H2O Resin cleaning 

1300 µl 6 M HCl Cleaning & conversion to Cl- form 

600 µl 0.5 M HCl Resin cleaning 

300 µl 3 M HCl Resin equilibration 

Sample in ~500 µl 3 M HCl Sample loading 

100 µl 3 M HCl Elute matrix 

1500 µl 0.5 M HCl Elute matrix (incl. In, Mo) 

500 µl 1 M HCl Elute matrix (incl. Mo) 

500 µl 2 M HCl Elute matrix 

600 µl 6 M HCl Elute matrix (incl. Ag) 

600 µl 0.1 M HBr–0.5 M HNO3 Elute Zn and In 

100 µl 2 M HNO3 Wash 

750 µl 2 M HNO3 Elute & collect Cd 
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Table S3. Anion exchange chemistry for the separation of a combined Pb-Cd and a Tl 
fraction from sample solutions for subsequent measurements of isotope compositions. 

1 ml Bio-Rad AG 1-X8 resin, 200-400 mesh  

Quartz glass columns with 50 ml reservoirs  
  

18 ml 2M HNO3 Resin cleaning 

2 ml H2O Resin cleaning 

18 ml 0.1 M HCl – 5% SO2 Resin cleaning (Tl elution) 

11 ml 0.1 M HCl Resin cleaning 

4 ml 1 M HCl - 2% Br2-H2O Resin equilibration 

Sample in 20-25 ml 1 M HCl - 2% Br2-H2O Sample loading 

10 ml 0.03 M HBr – 0.5 M HNO3 - 1% Br2-H2O Elute & collect Pb-Cd 

20 ml 0.03 M HBr – 1 M HNO3 - 1% Br2-H2O Elute & collect Pb-Cd 

10 ml 0.01 M HCl – 1% Br2-H2O Elute & collect Pb-Cd 

15 ml 0.1 M HCl – 5% SO2 Elute & collect Tl 
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Table S4. Anion exchange chemistry for purification of Tl fractions obtained from the 
1st-stage chemistry of Table SI-3; following this step Tl is sufficiently pure for 
subsequent isotopic analysis by MC-ICP-MS (modified from Rehkämper & Halliday, 
1999). 

100 µl Bio-Rad AG 1-X8 resin, 200-400 mesh  

Teflon PTFE columns with 3 ml reservoirs  
  

3.1 ml 0.1 M HCl – 5% SO2 Resin cleaning (Tl elution) 

3.1 ml 6 M HCl Resin cleaning 

0.4 ml 6 M HCl – 2% Br2-H2O Resin equilibration 

Sample in 0.5 – 1 ml 6 M HCl - 2% Br2-H2O Sample loading 

3.1 ml 6 M HCl - 2% Br2-H2O Elute matrix incl. Pb 

0.5 ml 12 M HCl - 2% Br2-H2O Elute matrix incl. Pb 

3.1 ml 0.01 M HCl - 2% Br2-H2O Elute matrix incl. Pb 

1.6 ml 0.1 M HCl – 5% SO2 Elute & collect Tl 
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Table S5. Anion exchange chemistry for the separation and purification of Pb and Cd 
from the combined Pb-Cd fractions obtained from the 1st-stage chemistry of Table SI-3; 
following this step Pb is sufficiently pure for subsequent isotopic analysis by MC-ICP-
MS whilst Cd is further purified (see Table SI-6). 

1 ml Bio-Rad AG 1-X8 resin, 200-400 mesh  

Quartz glass columns with 50 ml reservoirs  
  

10 ml 2 M HNO3 Resin cleaning 

0.5 ml H2O Resin cleaning 

20 ml 6 M HCl Cleaning & conversion to Cl- form 

7 ml 0.2 M HBr Resin equilibration 

Sample in 20 – 25 ml 0.2 M HBr Sample loading 

6 ml 0.2 M HBr – 0.5 M HNO3 Elute matrix 

3 ml 0.03 M HBr - 0.5 M HNO3 Elute matrix 

8 ml 0.03 M HBr - 0.5 M HNO3 Elute and collect Pb 

10 ml 0.5 M HCl Elute matrix 

5 ml 2 M HCl Elute matrix 

10 ml 6 M HCl Elute matrix 

1 ml 2 M HNO3 Wash 

10 ml 2 M HNO3 Elute & collect Cd 
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Table S6. Chromatographic procedure for purification of Cd from the Cd fractions obtained 
from the 2nd-stage chemistry of Table SI-5 (modified from Wombacher et al., 2003); following 
these steps Cd is sufficiently pure for subsequent isotopic analysis by MC-ICP-MS. 

Step 1  

100 µl Bio-Rad AG 1-X8 resin, 200-400 mesh  

Teflon PTFE columns with 3 ml reservoirs  
  

750 µl 2M HNO3 Resin cleaning 

100 µl H2O Resin cleaning 

1300 µl 6 M HCl Cleaning & conversion to Cl- form 

600 µl 0.5 M HCl Resin cleaning 

300 µl 3 M HCl Resin equilibration 

Sample in ~500 µl 3 M HCl Sample loading 

100 µl 3 M HCl Elute matrix 

1500 µl 0.5 M HCl Elute matrix (incl. In, Mo) 

500 µl 1 M HCl Elute matrix (incl. Mo) 

500 µl 2 M HCl Elute matrix 

600 µl 6 M HCl Elute matrix (incl. Ag) 

600 µl 0.1 M HBr–0.5 M HNO3 Elute Zn and In 

100 µl 2 M HNO3 Wash 

750 µl 2 M HNO3 Elute & collect Cd 
  

 

Step 2  

100 µl Eichrom TRU, 100–150 µm  

Teflon PTFE columns with 3 ml reservoirs 
  

10 ml 6 M HCl Resin cleaning 

Sample in ~200 µl 8 M HCl Sample loading; elute & collect Cd (Mo, Sn retained) 

200 µl 8 M HCl Elute & collect Cd (Mo, Sn retained) 

1400 µl 6 M HCl Elute & collect Cd (Mo, Sn retained) 
  

 
  



	 9 

Section 2 – Terrestrial Pb contamination of meteorites 
 
Text – Modeling to estimate terrestrial Pb contamination of meteorites 
 

Previously, Nielsen et al. (2006) and Baker et al. (2010) carried out mass balance calculations 
to estimate the extent of anthropogenic Pb contamination for iron meteorites and carbonaceous 
chondrites, respectively. These calculations employ an estimate for the present-day isotope 
composition of the indigenous meteoritic (or non-contaminated) Pb component. For iron 
meteorites and carbonaceous chondrites, such estimates are relatively straightforward, as the low 
U/Pb and Th/Pb ratios of the samples severely restrict radiogenic ingrowth of Pb over time. 

The presence of radiogenic Pb in enstatite chondrites (ECs) and ordinary chondrites (OCs) 
requires a more sophisticated approach to estimate the present-day composition of the meteoritic 
(non-contaminated) Pb component present in a meteorites sample. In detail, ingrowth of 
radiogenic Pb by in situ decay of 232Th, 235U and 238U must be considered. As the U and Th 
concentrations of the samples were not determined in this study but are required for the 
calculations, we applied literature abundance data (where available) or assumptive estimates. The 
calculations employ further straightforward assumptions, and the final results are hence model-
based estimates of the molar fractions indigenous meteoritic Pb (fmet-Pb) present in the analyzed 
samples. Whilst the terrestrial Pb contaminant is likely to be predominantly of anthropogenic 
origin it may also feature a natural component. 
 
Modeling approach 

The modeling assumes that the meteorites initially had the primordial isotope composition 
given by Canyon Diablo Pb (Tatsumoto et al., 1973), whereby the concentrations of initial 
primordial Pb (at 4.566 Ga) and present-day meteoritic Pb are treated as linked unknowns. The 
isotope composition of the meteoritic Pb is altered by radiogenic additions of 206Pb, 207Pb and 
208Pb until the present day, based on the assigned U and Th contents. For seven of 8 ECs and nine 
of 20 OCs, U and Th concentrations determined by mass spectrometry (either ID-TIMS or ICP-
MS) were available (Table S7). These data reveal that U and Th show some but only relatively 
limited variability in different samples of the same meteorite and between different meteorites of 
the same class or group. In addition, a small systematic offset in U and Th contents is apparent 
between the ECs and OCs of the sample suite but not between EH and EL chondrites or L and LL 
chondrites (Table S7). These observations justify the use of literature U, Th concentrations as a 
basis to obtain realistic estimates for the time-integrated ingrowth of radiogenic Pb in the samples. 
In addition, it also allows the calculation of meaningful overall mean U and Th abundances of 7.5 
± 1.3 ng/g (1sd) and 29.3 ± 3.0 ng/g (1sd), respectively, for ECs and of 10.7 ± 2.7 ng/g and 35.2 ± 
4.9 ng/g for the OCs (Table S7). These mean values were subsequently employed to derive model-
dependent estimates for ingrowth of radiogenic Pb in samples for which U, Th data were not 
available in the literature (Table S8). 

The present-day composition of the terrestrial contaminant was estimated based on the 
approach developed by Göpel et al. (1985) to evaluate Pb contamination of iron meteorites. The 
same methods were previously employed by Nielsen et al. (2006) and Baker et al. (2010). In 
detail, the Pb isotope ratios of the contaminant were assumed to correlate in 3-isotope plots, with 
arrays defined by the following equations: 
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 207Pb/204Pb = 0.0898 x 206Pb/204Pb + 13.92 (± 0.3)        (Eq. 1) 
 208Pb/204Pb = 0.0697 x 206Pb/204Pb +  25.3 (± 0.5)        (Eq. 2) 
  
The modeling thereby evaluated an intermediate Pb isotope composition of 206Pb/204Pb = 18.0 and 
two extreme cases with contaminant 206Pb/204Pb ratios of 16.5 and 19.5. 

The estimates for the indigenous meteoritic Pb present in the analyzed samples were then 
obtained with the aid of the spreadsheet-based solver available in Microsoft Excel for Mac 2011 (v 
14.7.3). The numerical solver was employed to minimize the (relative) differences in the 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios that were estimated as described above and obtained 
by measurement (Tables 1, S8). The former were thereby calculated by mixing meteoritic Pb (= 
indigenous primordial Pb + in situ produced radiogenic Pb) with variable proportions of terrestrial 
contaminant Pb (with a variable composition; see Eqs. 1, 2). The isotopic offset between the 
results obtained in the mixing calculations and the data was reduced by varying the initial 
concentration of primordial Pb in the meteorites (at 4.566 Ga). The measured total Pb contents of 
the samples (= meteoritic Pb + contaminant Pb; Table S8) thereby act as an additional constraint 
for the modeling, which provides the present-day molar fraction of meteoritic Pb in the meteorite 
samples as a final result (fmet-Pb; Table S8; also shown in Table 1 of the main text).  

Given that the U and Th concentrations of the samples were not measured but are either based 
on literature results for the same meteorites or assumed to be equivalent the mean U, Th contents 
of ECs or OCs (Table S7), the modeling makes explicit allowances for the uncertainty of the 
abundance data. In detail, the ranges of fmet-Pb values summarized in Table S8 (and Table 1) are a 
consequence of varying the U and Th concentrations based on the uncertainties obtained for the 
EC and OC mean values (Table S7). The calculations thereby applied uncertainties for U and Th 
concentrations of ±25% and ±15%, respectively, for the ECs and of ±35% and ±20% for the OCs. 
These uncertainties likely provide a conservative estimate for the variability of U and Th within 
different samples of the same meteorite but may well underestimate the uncertainty associated 
with using mean U, Th concentrations of ECs/OCs to characterize various distinct meteorites of 
the same class (Table S7). Consequently, the model-based estimates of fmet-Pb for meteorites with 
no published U, Th data must be considered with care and these results are hence given in 
parentheses, both in Table S8 and Table 1 of the main text.  

The solutions obtained for fmet-Pb by iteration were deemed reasonable when residual differences 
between the measured Pb isotope data and calculated results were ≤1.0 for 206Pb/204Pb, 207Pb/204Pb 
and ≤1.5 for 208Pb/204Pb. For the great majority of samples, the modeling yielded optimized Pb 
isotope compositions that were associated with residuals much smaller than 0.1 for all three ratios. 
However, for a few meteorites, and particularly those with radiogenic Pb (206Pb/204Pb >25), the 
residual differences were larger, generally for either 206Pb/204Pb and 207Pb/204Pb or for 208Pb/204Pb. 
This most likely reflects the presence of U- or Th-rich phases in the samples, whereby the latter 
are then characterized by Th/U ratios that deviate significantly from the ‘normal’ range of values 
that was assumed in the modeling (Table S7). In such cases, the solver optimization was modified 
to minimize only the residuals for 206Pb/204Pb and 207Pb/204Pb; these samples are marked (by an *) 
in Table S8. 

 
Modeling results 

The fmet-Pb data of Table S8 reveal that the extent of Pb contamination is highly variable for the 
meteorite samples, ranging from nearly 0% to 100%. The calculated extent of contamination is 
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thereby in good agreement with qualitative assessments based on the highly variable 204Pb/203Tl 
ratios (e.g., Fig. 2b). In the following, the results are examined in more detail to assess how robust 
and meaningful the modeled fmet-Pb data are.  
With the exception of Tuxtuac, all calculations for meteorites with Pb isotope compositions that 
fall in between values for primordial Pb (206Pb/204Pb = 9.307) and terrestrial contaminant Pb 
(206Pb/204Pb = 16.5 to 19.5) yield fmet-Pb estimates that vary by less than ±15% (in absolute terms) 
about the median value (Table S8). For most meteorites with Pb isotope ratios in the range of 
contaminant Pb, with 206Pb/204Pb between about 17 and 20, only maximum fmet-Pb estimates (e.g., 
fmet-Pb < 0.07) are given, because results of fmet-Pb ≤ 0.04 were assumed to be identical to fmet-Pb = 0, 
given the inherent uncertainties of the model-based calculations. Considering the relatively small 
ranges of fmet-Pb values that were obtained in the calculations, despite taking into account 
reasonably large uncertainties for the Pb isotope composition of the contaminant and the U, Th 
concentrations of the meteorites, the results obtained for samples with unradiogenic Pb with 
206Pb/204Pb < 20 are likely to be fairly robust. The calculations are thereby most reliable for 
meteorites (i) where U, Th concentrations are available in the literature and (ii) with relatively 
unradiogenic Pb isotope ratios of 206Pb/204Pb < 16 where fmet-Pb estimates generally vary by less 
than ±10% about the median value (Table S8). 

The model calculation to estimate fmet-Pb are less robust for samples with radiogenic Pb isotope 
compositions of 206Pb/204Pb > 25. This is related to the modeling approach, which applies 
estimated rather than measured U and Th abundances to quantify the in situ ingrowth of radiogenic 
Pb in the samples and the fmet-Pb estimates determined for such meteorites should hence be viewed 
with caution. This conclusion is underlined by the observation that the iteration for most samples 
with 206Pb/204Pb > 25 did not yield sufficiently low residuals when all three Pb isotope ratios were 
optimized simultaneously, most likely because the meteorites were characterized by distinctly non-
average Th/U ratios. Furthermore, highly variable fmet-Pb estimates were returned for most of these 
samples, for example with Saratov showing fmet-Pb = 38% – 91%. 

 
Application of fmet-Pb to determine 204Pb/203Tl ratios that are corrected for terrestrial Pb 
contamination 

Given the evidence for essentially ubiquitous addition of terrestrial Pb to the meteorites, it is 
useful to carry out 205Pb-205Tl isochron calculations with 204Pb/203Tl data that are corrected for this 
contamination, as shown in Fig. 5. The present-day indigenous meteoritic 204Pb/203Tl of relevant 
samples (Table 3) were thereby calculated by correcting the measured 204Pb/203Tl ratios (Table 1) 
for the presence of terrestrial Pb, using the fmet-Pb values (Tables 1, 3) that were determined as 
described above. The quoted uncertainties shown for the corrected 204Pb/203Tl data (Table 3) were 
determined by propagating the measurement errors for 204Pb/203Tl (Table 1) and the uncertainty of 
the fmet-Pb values (Tables 1, 3). 
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