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Abstract Lead (Pb) isotopes have been extensively

employed in tracing sources of Pb and its transport path-

ways through the environment. However, Pb isotopic ratios

in related geochemical reference materials are scarce. Here,

we report high-precision Pb isotopic ratios measured by Nu

Plasma II MC-ICP-MS using calibrated 205Tl/203Tl =

2.38865 (NIST SRM 997) for mass discrimination cor-

rection. The long-term external precision (2SD) for NIST

SRM 981 of Pb, BCR-2, and BHVO-2 are 0.31%
(n = 105), 0.42% (n = 11), and 0.25% (n = 5) for
208Pb/206Pb and 0.16%, 0.53%, and 0.07% for
206Pb/207Pb, both respectively, and their Pb isotopic ratios

are in excellent agreement with the recommended values.

Using this method, we report for the first time Pb isotopic

compositions in shale SGR-1b (USGS); coal CLB-1

(USGS); stream sediments GSD-17, -21, and -23 (IGGE);

soils GSS-12, -13, -14, -15, and -16 (IGGE); plants GSV-1,

-2, and -3 (IGGE); and human hair GSH-1(IGGE).

Keywords Lead isotopes � Geochemical reference

materials � MC-ICP-MS

1 Introduction

Lead is a non-essential heavy metal element toxic to

human beings, which can be transported long distances.

Excessive Pb uptake by children can significantly inhibit

intelligence development, and Pb is considered one of the

most important pollutants to human health by the Word

Health Organization (WHO). The sources of lead in the

environment generally are divided into natural and

anthropogenic sources. Studies have shown that human

activities such as mining, smelting, combustion of fossil

fuels, and battery and cement production can release one to

two times more Pb than natural sources into the environ-

ment. In particular, Pb released from coal combustion and

non-ferrous metal smelting has been growing exponentially

in China. Identifying the sources and transport pathways of

Pb pollution in the environment is a hot topic that has

attracted wide attention.

Lead has four isotopes in nature: 204Pb (1.42%), 206Pb

(24.15%), 207Pb (22.08%), and 208Pb (52.35%). 206Pb,
207Pb, and 208Pb are the decay daughters of 238U, 235U, and
232Th, respectively. The superposition of common Pb and

radiogenic Pb give Pb isotopes a unique ‘‘fingerprint.’’

Moreover, since Pb isotopic fractionation is very small

during physical, chemical, and biological processes, Pb

isotopes are widely used to trace the sources and pathways

of Pb pollution, as well as to estimate Pb contributions

from different geological or environmental end-members.

Consequently, the accurate and precise measurement of Pb

isotopes in environmental and geological samples is

important for applying Pb isotopes as a tracer.

Double spike (DS) and thallium element doping (Tl ED)

are commonly used to determine Pb isotopic composition.

The external precision for 204Pb–207Pb DS is two to five

times better than that of Tl ED. But with the development
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of multi-collector inductively coupled plasma mass spec-

trometry (MC-ICP-MS), the difference in analytic preci-

sion is narrowing. For 204Pb–207Pb DS, spiked (extracting
208Pb/206Pb ratios) and unspiked (using extracted
208Pb/206Pb ratios to correct mass fractionation) samples

need to be simultaneously determined, making analytical

efficiency relatively low. Hence, Tl ED is still the preferred

approach for Pb isotope measurement. However, previous

studies have shown that, although the mass of Pb and Tl are

close, measured ratios of SRM 981 20xPb/204Pb (x = 208,

207, and 206) using 205Tl/203Tl=2.3871 (SRM 997 Tl) are

always lower than the certificated values. Therefore, in

order to obtain Pb isotope data with high accuracy and

precision, 205Tl/203Tl ratios should be re-calibrated on

different instruments. Meanwhile, Pb isotopic ratios in

different geochemical reference materials (GRMs)

matching different samples should be conducted to ensure

the quality of Pb isotope data and to provide benchmarks

for inter-laboratory calibration. We followed the guideli-

nes by Rehkämper et al. (1998) to optimize the isotope

ratios of SRM 997 Tl, and then determined the Pb isotopic

composition of selected international and domestic

GRMs.

2 Methods

NIST SRM-981 Pb and -997 Tl stock solutions (both

10 mg�L-1 in 5% HNO3, National Institute of Standards

and Technology, or NIST, USA) were diluted and mixed to

target Pb/Tl = 4:1 in 3% HNO3. BCR-2, BHVO-2, SGR-

1b, and CLB-1 were purchased from the United States

Geological Survey (USGS). GSD, GSS, and GSV series

reference materials and human hair (GSH) were purchased

from the Institute of Geophysical and Geochemical

Exploration (IGGE), Chinese Academy of Geological

Sciences (CAGS). All HNO3, HCl, and HF used in the

experiment were twice distilled in an acid purification

device (model DST-1000, Savillex, USA). Ultrapure HBr

was purchased from Aladdin Corporation. Pipette tips and

tubes were sequentially cleaned by 10% HNO3, 6 M HCL,

and Milli-Q water.

BCR-2 and BHVO-2, 60 mg, were weighed into 15-mL

PFA beakers, and digested using 3:1 and 2:1 HNO3 ? HF.

The residue was dissolved by aqua regia until the solution

was clear, and then dried down and dissolved in 10% HNO3

as the stock solution. Stream sediments, soils, shales, and

coal samples were weighed at 0.1 g ± 5% in 30-mL Teflon

bombs. After adding 2.5 mL HNO3 ? 0.8 mL HF, the

bombs were placed in a 160–185�C oven for 18 h, and then

2 mLH2O2was added to decompose the organicmatter. The

solutions were evaporated to incipient dryness and heated an

additional 12 h after adding 3 mL HNO3 for the second

digestion. Then the samples were transferred to 15-mL PFA

beakers and 1 mL H2O2 ? 0.5 mL HF was added to thor-

oughly dissolve the siliceous and organic matter. Finally, the

samples were dissolved in 1 mL of 10% HNO3 as the stock

solution.

All chemical pre-treatments were conducted in a class

100 clean hood in the Isotope Geochemistry Laboratory,

China University of Geosciences (Beijing). Pb was purified

using Bio-Rad AG1-89 (200–400 mesh) resin, filled in

customized 0.3 mL FEB columns. Detailed procedures are

described in Li et al. (2015). Briefly, samples containing

300 ng Pb were dissolved in 1 mol�L-1 HBr after evapo-

rating to dryness, and then Pb was separated from the

sample matrix using 1.5 mL of 1 mol�L-1 HBr and 0.6 mL

of 2 mol�L-1 HCl. Pb was eluted by 6 mol�L-1 HCl and

collected. This procedure has nearly 100% recovery for Pb.

The purified samples were dissolved in 3% HNO3 for

isotope measurement.

Lead isotope analysis was carried out with Nu Plasma II

MC-ICP-MS at the State Key Lab of Environmental Geo-

chemistry, Institute of Geochemistry. The signals of Pb, Tl,

and 202Hg were monitored by Faraday cups H2(208),

H1(207), Ax(206), L1(205), L2(204), L3(203), and L4(202).

Samples were introduced into the plasma via an Ariduss II

desolvating sample introducing systemequippedwith anESI

Teflon aspire nebulizer (100 ll�mL-1) and Cetac AXR110

antosampler. The typical signal of 208Pb for 100 ng�mL-1 is

17 V or higher to ensure 204Pb is greater than 0.2 V.

3 Results and discussions

3.1 Optimization of 205Tl/203Tl value

Rehkämper et al. (1998) suggested the same exponential

factor (f) between Pb and Tl when using 205Tl/203Tl of SRM

997 to correct for mass fractionation. Using 208Pb/206

Pb = 2.16770 (SRM 981) as the normalized value reported

in recent literature, we recalibrated SRM 997 205Tl/203Tl to

be 2.38865. This value is within the range presented by

Rehkämper, and similar to that obtained by other researchers

assuming different f values for Pb and Tl (e.g. fPb=0.9746fTl,

White et al. 2000). Taking 205Tl/203Tl = 2.38865 as the

standard value, the fractionation factors of 205/203Tl and 208/

206Pb display good linear correlation during the 1 year

measurement of SRM981Pb.We obtained Pb isotopic ratios

(2SD, n = 135) of 208Pb/206Pb = 2.16764 ± 0.00031,
207Pb/206Pb = 0.91471 ± 0.00016, 206Pb/204Pb = 16.9432±

0.0058, 207Pb/204Pb =15.4987 ± 0.0023, and 208Pb/204Pb =

36.7285 ± 0.0112, which are identical to the latest values

reported by Taylor (2015), and the precision is twice as good

as the previous ED method.
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3.2 Influence of procedural blank

A procedural Pb blank can affect Pb isotopic ratios. Lead

concentrations in blank solutions were generally less than

0.35 ng�mL-1 in our experiments. To guarantee data

quality, we diluted SRM 981 Pb with procedural blank

solution to be 100–1000 ng�mL-1 of standard solution, and

tested the effects of concentrated 0.5–2 ng�mL-1 Pb blank

to Pb isotopes of SRM 981. We found no impact when

[Pbblank]/[Pbsample] was B1/500. When [Pbblank]/[Pbsample] &
1/100, measured SRM 981 ratios showed small deviations,

especially 206Pb/204Pb and 208Pb/204Pb.

3.3 Lead isotopic composition in reference materials

BCR-2 (n = 11) and BHVO-2 (n = 5) were used to check

the accuracy and precision of our procedure. Ratios of
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb were

18.7613 ± 69, 15.6294 ± 51, and 38.7483 ± 173 for BCR-

2 and 18.6210 ± 23, 15.5385 ± 25, and 38.2366 ± 90 for

BHVO-2, respectively. These values are identical to those

reported by Baker et al. (2004) (Table 1). For shale SGR-1b

(n = 11) and coal CLB-1(n = 3), determined 208Pb/206Pb

and 206Pb/207Pb values were 1.98702 ± 67 and

2.06690 ± 192, and 1.25273 ± 53 and 1.19458 ± 90,

respectively. 208Pb/206Pb and 206Pb/207Pb for SGR-1b and

CLB-1 are reported for the first time; the 206Pb/207Pb value

for CLB-1 was within the range of 1.21 ± 0.2 for US coals

reported by Somoano et al. (2009).

The Pb isotopes in GSD-17, -21, -23; GSS-12, -13, -15,

-16; GSV-1, -2, and -3; and GSH-1 are listed in Table 1.

GSD-17, -21, and -23 are reference materials for stream

sediment, individually collected frommining areas of Pb–Zn

and Cu–Ag ore deposits in Heilongjiang, Xinjiang, and

Jiangxi Provinces of China. The 206Pb/204Pb and 207Pb/204Pb

ratios in GSD-17 are quite different from those in GSD-21

and -23, but very similar to those fromPb–Zn deposits. GSD-

21 and -23 had similar Pb isotopic composition even though

they were taken from different locations.

GSS-12, -13, -14, -15, and -16 are soil samples and can

also be viewed as environmental reference materials

(ERMs), and were collected from the north Xinjiang, the

North China Plain, the Sichuan Basin, the Yangtze River

Plain and the Pearl RiverDelta, respectively. 208Pb/206Pb and
207Pb/206Pb ratios in these samples suggest that GSS-12, -16,

-13, and -15 have similar Pb isotopic compositions, in con-

trast to GSS-14. These results demonstrate that samples from

different areas could have similar Pb ratios, raising cautions

when utilizing Pb isotopes to trace the source and transport of

Pb in the environment.

GSV-1 and GSV-2 are ERMs for shrub branches and

leaves. Their 208Pb/206Pb and 207Pb/206Pb values were quite

close, only differing by 0.358% and 0.587%, respectively,

both within the analytical standard deviation (2SD). This

suggests that they may share the same Pb source even

though they were collected in different areas of Qinghai

Province. GSV-3 is derived from poplar leaves, taken from

Langfang City of Hebei Province, and its 208Pb/206Pb and
207Pb/206Pb ratios were notably different from GSV-1 and

-2. The difference may be related to the Pb source and/or

Pb isotopic fractionation within plants. GSH-1 is an ERM

for human hair, also collected from Langfang City, and had

a similar Pb isotopic composition to GSV-3, indicating that

Pb in the human body may be related to Pb in local resi-

dents’ vegetables.

4 Conclusions

Utilizing the optimized 205Tl/203Tl = 2.38865 of SRM 997

Tl to correct instrumental mass fractionation, measured

SRM 981 Pb, BCR-2, and BHVO-2 values were consistent

with published values. Using this method, we measured Pb

isotopic compositions in selected new reference materials,

including SGR-1b, CLB-1, and 11 other reference materi-

als from IGGE. These data can be used for inter-laboratory

comparison and quality assurance when measuring related

geological or environmental samples.
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