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ABSTRACT: Lead stable isotope ratios 2°°Pb/2%Pb, 27Pb/2%Pb and 2°5Pb/2%Pb are widely used to trace the origin of natural
or artificial materials in geochemistry, environmental science and archaeology. Time consuming sequential column chemistry for
purification of Pb are often necessary for preparing the analysis of Pb isotopes ratios with MC-ICP-MS, with a precision
(uncertainties) reaching 0.001. However, such a high precision is not always necessary for source tracing when the end-members
have significant different signatures. Here, 2°°Pb/2%Pb, 2°7Pb/2*Pb and 2°*Pb/?*™Pb ratios were analyzed for 7 certified reference
materials (CRM: SL-1, RGM-1, MAG-1, BHVO-1, BCR-723, BCR-1 and BCR-2), including sediments and urban road dusts, using
Triple Quadrupole Inductively Coupled Plasma Mass Spectrometry (TQ-ICP-MS) after conventional total digestion without
sequential column chemistry. The solutions from the digestion were measured at four Pb concentrations (0.5, 1, 1.5 and 2 ng ml™).
Among 56 measurements on 33 SL-1 samples at a lead concentration of 2 ng ml™!' (sample digestion was realized between 2018 and
2024 while lead isotopic ratio measurements were conducted between 2022 and 2025), the first and third quartile of the uncertainties
are 0.07 and 0.1 for 2°Pb/2%Pb, 0.05 and 0.09 for 207Pb/2*Pb and 0.16 and

0.21 for 28Pb/2%Pb. The 2Pb/2Pb and 25Pb/2%Pb ratios obtained with Quick TQ-ICP-MS analysis for source
tracing in environmental research

TQ-ICP-MS can be especially useful for source tracing while uncertainties 39.5 B e
related to 27Pb/?%4Pb are in the same range of differences between
terrestrial sources. This study employs TQ-ICP-MS to complement earlier 39.0

ICP-QMS-based research, while also validating lead isotope ratio analysis
using a larger set of certified reference materials (CRMs). In addition, the
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years, enables an assessment of the long-term stability and reproducibility Anthropogenic
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of the entire methodological workflow. We conclude that some studies can
benefit from the simple and fast analysis of *°Pb/2*Pb and 2**Pb/**Pb 375
ratios by TQ-ICP-MS with very small amount of additional works and

investment, when potential end-members display sufficiently distinct 37.0/ g8 % .,

isotopic signatures. Moreover, the here developed approach can be used to am @ bty m; 3.5 19.0

select samples which deserve more detailed geochemical analyses, =

lowering costs and environmental impacts.
INTRODUCTION and remains under-researched.> To mitigate Pb sources, source

apportionment with low cost and fast method for lead isotope

As historical lead pollution will remain a significant risk in the 21st analysis is essential.*
century,? enhanced environmental monitoring and source
attribution tools are urgently needed, particularly in middle and Lead isotope ratios are often used in environmental and
low-income nations where lead exposure are high and widespread geochemical studies. Lead has four stable isotopes on Earth: the
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isotopes 2*Pb (natural abundance ~1%), 2%Pb (~25%), 2°Pb
(~21%) and 2%Pb (~52%). The 2™Pb is entirely primordial, the
206pp, 207Ph and 2%8Pb are respectively mainly radiogenic end
products of the 238U (half-life: 4.5 billion years), 23U (half-life:
700 million years), and ’Th (half-life: 14 billion years)
radioactive decay chains®. Lead isotope ratios 2°Pb/2%Pb,
207pb/2%Pb and 2%Pb/?*Pb are widely used for source tracing of
terrestrial materials, with application ranging from the silicate
10" contamination in urban
catchment ! and archaeology '? studies.

Earth ¢ to historical monuments

Environmental and geochemical studies can conduct source
apportionment based on the ratios of 2°°Pb/27Pb vs. 28Pb/27Pb,
which present similar information as 2°Pb/?%Pb vs. 2%8Pb/2“Pb
diagram (Fig. 1 A and B '>%). Indeed, if we define A=2"°Pb/204Pb;
B=2%8Pb/2%Pb and C=*""Pb/?*Pb, then, 2°°Pb/*"Pb vs. 2%Pb/>"Pb
is essentially A/C vs. B/C plot. As C (*’Pb/2%Pb) usually varies
over arelatively narrow range in terrestrial samples compared with
206pp/204ph and 2%8Pb/24Pb, 29°Pb/2MPb vs. 208Pb/2%Pb (A vs. B)
diagram and 2%Pb/?"Pb vs. 28Pb/?Pb (A/C vs. B/C) diagrams
normally have the same ordering of samples, same linear trends
and similar points distribution (Fig. 1A, B and C). There are two
factors that explain the observed minimum variations in
207pb/2%Pb among terrestrial samples: (1) the abundance of 235U
(the decay parent of 29’Pb, half-life: 700 million years®) is only
1/138 that of 28U (the decay parent of 2°Pb, half-life: 4.5 billion
years®), both of which are less abundant than 2*>Th (the decay
parent of 2%8Pb, half-life: 14 billion years®) on Earth'3. (2) most of
the primordial 2°U has already decayed over geological time,
whereas 238U and 2*2Th still have relatively high abundances on
Earth and continue to decay to the present day'®. Consequently, the
radiogenic ingrowth of 2’Pb has become much less significant
over the past billions of years than that of 2%Pb and 2%Pb derived
from 2%U and 2?Th decay’. Therefore, variations in U/Pb and
Th/Pb ratios and fractionation of these elements over the past
billions of years are expected to exert a comparatively smaller
influence on 27Pb/2*Pb than on 2%Pb/”*Pb and 2%Pb/**Pb. For
this reason (*’Pb/2%Pb varies over a relatively narrow range in
most of environmental samples), high co-linearity is observed on
208pp,/204ph vs. 208Pb/207Pb and 2°Pb/24Pb vs. 20°Pb/27Pb diagrams,
limiting the utilization of these diagrams as efficient source tracing
methods (Fig. 1D and E) 7. The 2%Pb/%Pb vs. 2%Pb/2*7Pb
diagram (Fig. 1F) also exhibit a high co-linearity among terrestrial
samples as documented by previous study 'S,

One can easily be misled when different sources plot along the
same linear array on diagrams such as 2°°Pb/2Pb vs. 2%Pb/2"’Pb
and 2°Pb/2%Pb vs. 296Pb/207Pb. It is tempting to attribute such co-
linearity to mixing between distinct end-members, but this
interpretation may be incorrect and represents a major pitfall in
terrestrial geochemistry (Fig. 1A and B). In this case, the best way
to separate lead sources is based on tiny variation of 2°’Pb/?“Pb
ratio (Fig. 1C) with one of another lead isotope ratios (***Pb/2%Pb,
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208pp/204pb, 206Ph/207Ph, 208Pb/207Pb) (also see published examples
1019.20) ' Another method for source origin study in environmental
research is to combine one of the 2°Pb/2“Pb, 208Pb/2MPb ratios
with additional isotope signatures as eéNd 2° or 8Sr/%Sr 1°. Given
that 2%8Pb/2%Pb vs. 2%8Pb/2Pb and 2°°Pb/2**Pb vs. 2%°Pb/2’Pb
diagrams exhibit similar co-linear relationships as explained above,
the ratios 2°°Pb/2’7Pb and 2%®Pb/2*’Pb can serve as potential suitable
substitutes of 2%Pb/2™Pb and 2%Pb/2%Pb used in previous
studies'*?! for source tracing.

However, the literature commonly employs 2°Pb/?%Pb and/or
208pb/2%Pb for source tracing, rather than 2°°Pb/2’Pb and/or
208pp/207pb!9-21, Furthermore, it is widely assumed that accurate
206pp/2%4ph and 2°8Pb/2*Pb measurements require either thermal
ionization mass spectrometry (TIMS) following laborious sample
preparation steps with long analysis time (45 min per sample) or
multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) following sequential column chemistry for Pb
purification, a procedure that is also inherently time-consuming??.
Indeed, the isotope 2Pb is only about 1.4% of the total Pb° and is
isobaric with 2*Hg. Low resolution inductively coupled
quadrupolar plasma mass spectrometry (ICP-QMS) instruments
are unlikely to resolve the interference successfully. To avoid large
uncertainties induced by correction for 2*Hg, time consuming
steps of sequential column chemistry for purification of Pb and the
use of multi-collector inductively coupled plasma mass
spectrometry MC-ICP-MS are believed to be necessary. As a
result, the 2*Pb is not conventionally analyzed with [CP-QMS. If
one wants to employ 2°°Pb/27Pb vs. 2%8Pb/2Y’Pb obtained from
ICP-MS for source investigations, the diagram and data from
literature must be transformed from 2°°Pb/?™Pb vs. 208Pb/2%Pb to
206pp/207Ph vs. 208Pb/2Pb for comparison. Several previous
studies have explored successfully the possibility of analyzing the
206ph/204ph, 207Pb/2%Phb and 2%°Pb/2Pb isotope ratios using ICP-
QMS and have optimized the analysis parameters?®2°. Recently,
the introduction of triple quadrupolar technology (TQ-ICP-MS),
having enhanced stability and resolution compared to ICP-QMS,
opens new ways for lead isotopic geochemistry and deserves an
evaluation of its capabilities.

This study evaluates the direct determination of 2°Pb/2%Pb,
207Pb/2%Pb and 2%Pb/2*Pb by TQ-ICP-MS, assessing its practical
utility and limitations for straightforward comparison with
published data. It also completes previous ICP-QMS-based
studies®* > by analyzing a larger set of CRMs, digested and
measured over a relatively extended period, thereby providing a
more comprehensive assessment of the method’s reproducibility
and robustness. Yet, the uncertainties of the 20Pb/2*Pb,
207pb/2%4Pb, and 2%Pb/2*Pb isotopic ratios obtained by TQ-ICP-
MS are higher than those obtained by TIMS and MC-ICP-MS
(after time-consuming sequential column chemistry for Pb
purification). The acquisition and operating costs of the TQ-ICP-
MS are 10% and 30%, respectively, of those of the MC-ICP-MS,
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Fig. 1 A 2Pb/”Pb vs. 2®Pb/""Pb; B 2*Pb/*Pb vs. 2®Pb/**Pb; C 2*Pb/**Pb vs. 2"Pb/**Pb; D 2®Pb/**Pb vs. *®Pb/2’Pb; E **Pb/**Pb vs. 2*Pb/*’Pb
and F 2Pb/”%Pb vs. 2Pb/2Pb  diagrams of aerosols samples collected worldwide '*'**, showing that most of the samples are co-linear in lead isotope
ratio based figures except in 2°Pb/*Pb vs. 2’Pb/***Pb diagram. Note that in 2*Pb/*”’Pb vs. 2*Pb/*"’Pb and ***Pb/***Pb vs. *°Pb/*’"Pb, the linearity is perfect.

based on our observations (internal quotation from our lab
instrument quote). The isotopic values of 2°°Pb/2*Pb, 207Pb/2%Pb
and 2%Pb/2*Pb for the certified reference materials (CRMs) BCR-
126, BCR-2 %7, BCR-723 %8, BHVO-1 %, MAG-1 3, RGM-13! and
SL-1 10,
sequential column chemistry or TIMS. Assuming that the data

are provided previously using MC-ICP-MS with

reported in references cited above are accurate, we present isotopic
values of 20°Pb/2%Pb, 207Pb/2Pb and 208Pb/2%Pb for these
standards measured without sequential column chemistry using
(TQ-ICP-MS, Thermo Fisher Scientific iCAP) after conventional
total mineralization steps with acids, and compared our values

with  reported  values. In order to  investigate
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the stability and repeatability of the experiments, the study is
based on 65 samples of which conventional sample digestion was
carried out between 2018 and 2024, while lead isotopic ratio
measurements were conducted between 2022 and 2025. This
allows to study at which extent the use of 2%°Pb/2%Pb, 207Pb/?%Pb
and 2%Pb/?™Pb values measured by TQ-ICP-MS can be
successfully applied in source apportionment for environmental
studies. Here, we take advantage of the high sensitivity and
stability of the TQ-ICP-MS, compared to the more conventional
ICP-MS, to correct the ?**Pb measurements from the isobaric
interference with 2Hg.
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EXPERIMENTAL

Sample digestion and preparation for lead isotope analysis.
Seven different CRMs were used in this study to cover a large
panel of matrixes and ratio values: Columbia River basalt
powder BCR-1 and 2 2?7, road dust test material collected from
the ceiling of the Tanzenberg Tunnel BCR-723 28, Hawaiian Basalt
powder BHVO-1 ?°, marine mud from the Gulf of the Maine
MAG-1 %, rhyolite powder from Glass Mountain (California)
RGM-1 3! and Alps lake sediment SL-1 '°. A total of 65 CRM
samples (with digested mass ranging between 2.1 to 786.7 mg and
amedian value of 99.2 mg) were prepared between 2019 and 2024
during conventional total digestion for other already published
researches 1032734, Briefly, CRM samples were digested by ultra-
pure concentrated acids (67 % HNO3, 34-37 % HCIl, 47-51 % HF,
65—71 % HClO4: TraceMetal grade) in PTFE beakers heated on a
hot block (Digiprep, SCP Science). Samples are first digested by
6 ml of mixed acid (HF and HCIO4, v:v=4:2) for 6 h at 150 °C,
which leads to evaporation to near dryness. Second, aqua regia (5
mL of mixed acid, HCl and HNO3, v:v = 3:1) was added to the
beakers heated at 120 °C for 3 h with evaporation to near dryness.
One ml of HNO3 was added to the solution which was also heated
at 100 °C for 1 h with evaporated to near dryness (repeated 3 times)
before it was made up to 50 ml with HNOs3 (0.5 N). The digestion
solutions are stored at 4°C in the dark until dilution for analysis.

Analytical methods and instrument settings. Samples digested
before March 2022 were not analyzed for 2*/Pb. They were
gathered and analyzed for 2*/Pb in January 2025, with 5 main runs
for each analysis. The 2*Pb is routinely analyzed since March
2022 with 3 main runs for each lead isotope ratio analysis,
uncertainties and values measured with 3 main run and 5 main
runs are similar (Fig. 2). Prior to the analysis, digestion solutions
are diluted in such a way that the lead concentration is around 2 ng
ml! to make sure that the TQ-ICP-MS measures the signal
intensity in ions counting mode with signal intensity around
500000 counts per second for 2%®Pb. In total, 93 measurements are
realized on 65 mineralized CRM aliquots at a lead concentration
of 2 ng ml! (Table 1). For each type of CRMs, dilutions to 0.5, 1
and 1.5 ng ml"! of lead are also made (one for each type of CRM)
to verify if low concentration of lead also allows correct
measurement of lead isotopic ratios. This aims at validating the
TQ-ICP-MS data obtained for samples with low Pb content and/or
small sample weight (e.g., rain water, atmospheric particles).

Pb isotopes (***Pb, 2%°Pb, 207Pb and 2%*Pb) were analyzed in S-
SQ-NA (High Sensitivity-Simple Quad-Non-Gas mode) and
isotope ratios were corrected with repeated measurements of the
lead isotope reference material NBS-981 analyzed between every
two samples. NBS 981 is diluted with 0.5 N nitric acid to such an
extent that the NBS 981 solutions used to bracket and correct
samples have the same lead concentration as the samples. The TQ-
ICP-MS is equipped with autosampler (TELEDYNE CETAC

https://www.at-spectrosc.com/as/article/pdf/20260047
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Fig. 2 Measured lead isotopes (**Pb/2*Pb, 2"Pb/**Pb and **Pb/**Pb) for
SL-1 ([Pb]=2 ng ml") as a function of order of analysis. A total of 56
measurements are realized on 33 SL-1 samples. SL-1 sample digestion and
measurements are conducted between 2018 and 2025. Green zone marks
measurements with 3 main runs (realized before 2025) and grey zone marks
measurements with 5 main runs (realized in 2025). The heigh of the black
dotted rectangle represents the range of variation of uncertainties.

ASX-560 or ASX-520) placed under laminar flow hoods (ISO 1).
The analyses were performed in a clean room with temperature
regulated at 22.0 + 0.5 °C to limit electronic fluctuations. Solutions
were introduced into the plasma via a concentric nebulizer (400 pl
min™) and cyclonic quartz nebulization chamber. The skimmer
and sampler cones are made in nickel. The nebulization ultrapure
argon gas flux is 1.07 L min"' with pomp speed of 40 rpm. min™.
The number of sweeps was fixed at 650 and dwell time is 0.03 s
for 29Pb, 207Pb and 2%Pb, 0.05 s for 2°Hg and 2*>Hg and 0.1 s for
204pb. An example of the analyzing sequence created with Qtegra
software (Thermo Fisher Scientific iCAP), including results of
analysis from session of January 2025, is given in Supporting
Information (Qtegra lead isotopes_Session January 2025.imexp).

Correction of 2Pb signal from 2**Hg interference signal. The
204Pb signal intensity (I2o4pb) is calculated by subtracting the signal
intensity of 2?Hg (Ia4tg) from total signal intensity measured at
204  (I204pbr204ng), the Iooang is calculated from Iooong and
204 g/20Hg ratio (0.296152). The equation used for calculation

Atom. Spectrosc. 2026, 47(4), 585—-594.



Table 1. Analyzed CRMs. The total number of each type of CRM prepared using conventional total digestion methods and the number of measurements for
lead isotopic ratios at 2 ppb for each type of CRM (**Pb/2*Pb, 2’Pb/*Pb and 2*Pb/***Pb) between 2018 and 2024, during different lead isotopic ratios

analysis sessions

Number Number of Ref. for Pb Pb concentration in
CRMs of measurements (for Nature of the CRMs isotope Hg/Pb ratios commercial samples
samples [Pb]=2 ng mI™") ratios (ng/g)
BCR-1 1 2 Columbia river basalt 2 0.0006 3¢ 13.6"
powder
BCR-2 4 4 Columbia River Basalt z 0.0001 * 1%
BCR-723 14 18 Road dust collected from 0.0007 860 (certified)
the ceiling of the (estimated)
Tanzenberg Tunnel
BHVO-1 2 2 Hawaiian Volcano » 0.002 % 2.6%
Observatory basalt powder
MAG-1 9 9 Marine mud from the Gulf 30 0.0007 4 24%
of the Maine
RGM-1 2 2 Rhyolite powder from 3 0.0009 ¥ 24%
Glass Mountain (California)
SL-1 33 56 Alps lake sediment 10 0.0004 3744
(estimated)
Total 65 93

Table 2. Ranges of absolute bias (left) and uncertainties (right) for each CRM (for different number of measurements) measured at a lead concentration of 2
ng.ml", min-max values. The two last lines present the first and third quartiles for the CRM SL-1 which was analyzed in 56 different digested samples

CRMs 26ph/2%Ph 27ph/2%Ph 28ph/2%Ph
Bias Uncertainties Bias Uncertainties Bias Uncertainties

BCR-1 (n=2) 0.01-0.02 0.080-0.081 0.001-0.004 0.065-0.072 0.002-0.05 0.1-0.2

BCR-2 (n=4) 0.01-0.1 0.07-0.2 0.03-0.4 0.06-0.2 0.06-0.09 0.21-0.26
BCR-723 (n=18) -0.02-0.2 0.06-0.2 -0.02-0.3 0.04-0.1 -0.02-0.2 0.1-0.3

BHVO-1 (n=2) 0.04-0.07 0.06-0.07 0.1-0.3 0.08-0.11 0.02-0.08 0.10-0.22
MAG-1 (n=9) 0.02-0.1 0.04-0.1 0.09-0.2 0.03-0.1 0.02-0.08 0.07-0.3
RGM-1 (n=2) 0.06-0.09 0.08-0.09 0.1-0.2 0.04-0.05 0.02-0.04 0.19-0.23
SL-1 (n=56) -0.06-0.14 0.02-0.29 -0.06-0.28 0.03-0.19 -0.05-0.10 0.07-0.47
SL-1 (n=56) first and third quartiles 0.003-0.04 0.07-0.1 0.02-0.1 0.05-0.09 -0.003-0.04 0.16-0.21

(proposed as default correction equation) of Io4pb is proposed by
the Qtegra software as follow:

L0app = I20app+20atg — 0.296152 X Lgop4 €]

Correction of isotopic ratios and uncertainties. For each
isotopic ratio, the corrected values are calculated using the
following equation:

Reertified NBsS
(7Twes1 + Tnssz )/
2

(2)

Reorrecteda = Tsample

Where Rcomected is the corrected isotopic ratio, rsample is the
measured raw isotopic ratio of sample, Rcerified NBs is the certified
isotopic ratio of NBS981, rnss1 and rnss2 are the two measured
raw values of isotopic ratio for NBS981 bracketing the sample.

The uncertainty associated to the isotopic ratio is calculated
using the following equation:

()
Reorrectea

2 x \]((Smmple/rmmple)z/n ~ 1) . %{((slvm/mm)z/n _)+ (Gl )

3)
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where S is the uncertainty associated to the isotopic ratio, n is the
number of main runs (n=3 or 5), s is the standard deviation of
intensity ratio of the 3 or 5 main runs (see above).

The bias is calculated as following:

Bias = Rcorrectea — Rpublished 4)

where Rpublished 1S published lead isotope ratios measured by TIMS
or MC-ICP-MS.

RESULTS AND DISCUSSION

A total of 56 measurements are realized on 33 SL-1 digested
solutions at a lead concentration of 2 ng ml!. These 56
measurements are consistent over time between 2022 and 2025
(Fig. 2). For these measurements (n=56, 2 ng ml"! Pb, SL-1), the
first and third quartile of bias are -0.003 and 0.04 for 2°°Pb/2%Pb,
0.02 and 0.13 for 27Pb/2*Pb and -0.0003 and 0.04 for 28Pb/24Pb.

Atom. Spectrosc. 2026, 47(4), 585—-594.



Table 3. Lead isotopic ratios of CRM samples measured more than three times between 2018 and 2024, with standard deviations

206 204 207 04 208 204
CRMs l(r::;; 26pp/ 2P SD (**Pb/**Pb) Wpp, 24y, SD (*"Pb/**Pb) 28pp2pp SD (**Pb/**Pb)
BCR-1 (n=4) 95 18.87 0.04 15.67 0.03 38.83 0.09
BCR-723 (n=4) 32 17.46 0.02 15.61 0.03 37.34 0.04
BCR-723 (n=5) 95.40 17.54 0.05 15.67 0.05 37.49 0.09
BHVO-1 (n=4) 112.80 18.76 0.01 15.62 0.02 38.60 0.06
MAG-1 (n=4) 98.10 18.88 0.04 15.68 0.03 38.93 0.11
RGM-1 (n=4) 9.38 19.06 0.04 15.67 0.02 38.84 0.03
RGM-1 (n=4) 102.30 19.07 0.02 15.67 0.01 38.81 0.05
SL-1 (n=4) 5.45 19.12 0.04 15.68 0.03 38.93 0.06
SL-1 (n=10) 99.20 19.14 0.04 15.68 0.02 38.88 0.06
SL-1 (n=4) 103.50 19.14 0.03 15.69 0.04 38.89 0.10
SL-1 (n=6) 137.70 19.14 0.02 15.69 0.03 3891 0.07
SL-1 (n=5) 196.68 19.14 0.03 15.71 0.05 38.95 0.09
Table 4. Published lead isotopic ratios and uncertainties (U) of CRM samples
CRMs Method 206pp/2%Ph U (*Pb/*"Pb) 27pp/*%Ph U (""Pb/*"Pb) 28ph/2%Ph U (*®Pb/***Pb)
BCR-1 MC-ICP-MS?* 18.822 0.003 15.639 0.003 38.739 0.008
BCR-2 TIMS? 18.75 0.01 15.615 0.003 38.69 0.02
BCR-723 MC-ICP-MS* 17.401 0.002 15.556 0.001 37.224 0.003
BHVO-1 MC-ICP-MS? 18.708 0.005 15.569 0.006 38.353 0.018
MAG-1 TIMS* 18.8614 0.0009 15.6518 0.0008 38.797 0.002
RGM-1 MC-ICP-MS?! 19.0052 0.0007 15.6318 0.0007 38.701 0.002
SL-1 MC-ICP-MS" 19.111 0.001 15.673 0.002 38.839 0.007
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Fig. 3 Measured (Y axis) lead isotopic ratios (***Pb/**Pb, 2"Pb/**Pb and ***Pb/***Pb) as a function of published (X axis) lead isotopic ratios, measured at four
lead concentrations [0.5 ng.ml"! (first column), 1 ng.ml" (second column), 1.5 ng.ml" (third column), 2 ng.mlI"! (last column)], with number of main runs =5
[results from session of January 2025 (with standard digested before March 2022)].

The first and third quartile of uncertainties are 0.07 and 0.1 for
206ph204ph, 0.05 and 0.09 for 27Pb/2%Pb and 0.16 and 0.21 for
208pp/204ph (Table 2). For comparison, uncertainties obtained by
MC-ICP-MS for SL-1 are 0.001 for 29°Pb/2%4Pb; 0.002 for
207pb/204Pb and 0.007 for 28Pb/24Pb 10, For other CRMs (Table 2),
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the three isotope ratios (*’°Pb/2%Pb, 27Pb/?%Pb and 2’Pb/?**Pb)
present similar bias and absolute errors (Table 2). Lead isotopic
ratios of some CRM samples, measured more than three times
between 2018 and 2025, show average values and standard
deviations that are consistent over time (Table 3) and close to
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Fig. 4 Scatter plot of *®Pb/”*Pb vs. 2Pb/**Pb with all measured data.
Certified or published values (obtained with TIMS or MC-ICP-MS) are
presented by square with a cross, the size of which is significantly larger
than that of the uncertainty. 117 measured values [all concentrations (89 at
2ng ml"' and 8 at 0.5, 8 at 1 ng mI"! and 8 at 1.5 ng ml") and all sessions
combined] on 61 digested CRM samples are presented by solid points.

published values (Table 4). The median recovery rates (measured
value / published value) are 100.2% for 2°°Pb/2*Pb and 2’Pb/?4Pb,
and 100.3% for 2°8Pb/2%Pb. Measurements conducted at different
lead concentrations (0.5, 1, 1.5, and 2 ng/mL) show consistent
results and uncertainties (Fig. 3).

Comparison between published values obtained by TIMS or
MC-ICP-MS!%%631 and measurements obtained by the TQ-ICP-
MS without sequential column chemistry (Fig. 3 and Fig. 4)
suggest that, for CRM samples, the isotope ratios of 2*Pb/?%Pb
and 2%Pb/?*Pb are more reliable for source differentiations than
207pb/2%Pb. This is because terrestrial samples present high
variations in 2°Pb/2%Pb and 2°®Pb/”*Pb ratios compared to
207pb/204Pb ratio, as shown by the CRM samples in these figures.
Uncertainties and disparities related to 2°’Pb/2**Pb measurements
are in the same order of magnitude of isotopic ratio difference
between different type of CRMs (Fig. 3). Uncertainties and
disparities related to 2°°Pb/?*Pb and 2°*Pb/”™Pb measurement are
relatively small or negligeable compared to differences between
published values for different CRMs (Fig. 3), despites the fact that
the accuracy and precision of TQ-ICP-MS are lower compared to
those of MC-ICP-MS due to the unstable nature of the plasma ion
source, quadrupolar analyzer and the use of single collector
configurations.

Furthermore, as illustrated in Fig. 1 (for worldwide aerosols
samples, 1314, Fig. 5 (for mid ocean ridge and ocean island basalts
samples, ®) and Fig. 6 (for copper and lead ores for Europe and the
Near East, 3%), when geological samples exhibit markedly distinct
lead isotope ratios, the uncertainties and bias are minimal in
relation to the differences in their isotopic signatures for 2°Pb/2*Pb
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Fig. 5 Isotope ratios of mid-ocean ridge basalts (MORB) and ocean island
basalts (OIB) from various geographic regions show that overlaps are
common among different regions, while individual regions can exhibit
extremely broad compositional ranges®. For measurements of reference
material SL-1 with TQ-ICP-MS (n = 56, 2 ng mL™! Pb), the first and third
quartiles of absolute bias are —0.003 and 0.04 for 2°Pb/**Pb, 0.02 and 0.13
for 2’Pb/”*Pb, and —0.0003 and 0.04 for 2®Pb/**Pb. The corresponding
first and third quartiles of measurement uncertainties are 0.07 and 0.1 for
206pp24PD, 0.05 and 0.09 for 27Pb/**Pb, and 0.16 and 0.21 for 2*Pb/*Pb.
The absolute bias and measurement uncertainties of the TQ-ICP-MS data
are frequently comparable to, or smaller than, the natural isotopic variability
observed in mid-ocean ridge basalts (MORB) and ocean island basalts
(OIB) from different geographic regions.

and 2%Pb/%Pb. In this case, TQ-ICP-MS can be used to
distinguish different geological samples in a scatter plot of
208pp/2%4Ph vs. 29Pb/2%Ph often used in geochemistry. In Fig. 4,
CRMs from natural source (for example SL-1, MAG-1, BHVO-1,
BCR-1, BCR-2 and RGM-1) can be differentiated from those of
an anthropogenic source (BCR-723) using the 2%Pb/*Pb vs.
206pb/2%4Ph scatter plot. However, when two different CRMs have
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Fig. 6 Lead isotopic signatures of copper and lead ores for Europe and the Near East 3. For measurements of reference material SL-1 with TQ-ICP-MS (n =
56, 2 ng mL™" Pb), the first and third quartiles of absolute bias are —0.003 and 0.04 for °°Pb/2**Pb, 0.02 and 0.13 for *’Pb/**Pb, and —0.0003 and 0.04 for
208pp/2%Pb. The corresponding first and third quartiles of measurement uncertainties are 0.07 and 0.1 for **Pb/**Pb, 0.05 and 0.09 for 2’Pb/***Pb, and 0.16
and 0.21 for 2®Pb/*Pb. The absolute bias and measurement uncertainties of the TQ-ICP-MS data are frequently comparable to, or smaller than, the natural
isotopic variability observed in lead ores for Europe and the Near East from different countries. Copper and lead deposits are distinguished as “Cu major”
and “Pb major”. Deposits containing only very few copper and lead minerals are referred to as “Cu minor” and “Pb minor” respectively®.

similar isotope ratios (as example SL-1 vs. RGM-1 or MAG-1 vs.
BCR-1), they cannot be differentiated using this scatter plot with
data from TQ-ICP-MS measurements. Geographical regions
having distinct distribution on 28Pb/2%Pb vs. 2%Pb/2%Pb scatter
plot (e.g., Fig. 1) can thus be identified and distinguished through
lead isotopic analysis utilizing TQ-ICP-MS based on 2Pb/?%Pb
and 208Pb/2%Pb ratios.

Some geographically distinct regions exhibit overlap in their
200pp/204Ph vs.  208Pb/2%Pb scatter plot (e.g. Fig. 1, Fig. 5 and Fig.
6). Moreover, the lead isotope signature within a single geographic
region can sometimes be very broad. These cases render high-
precision analysis of 2’Pb/*Pb using MC-ICP-MS or TIMS
necessary in identifying and differentiating various sources (see
Fig. 5 and Fig. 6 for some examples).

We demonstrate that, in special cases (Fig. 4), 2%Pb/2%Pb and
208pp/204Ph data can be considered as reliable tracers of material
sources, i.e., geological CRM have clearly different signatures
from the anthropogenic road dust (BCR-723). (Fig. 4). The Qtegra

https://www.at-spectrosc.com/as/article/pdf/20260047

program used for the analysis is included in the appendix
(Qtegra_lead isotopes_Session January 2025.imexp). It should
be noted that certain analysis parameters (e.g. dwell time, number
of sweep) may be refined in future work should higher precision
become necessary?>2>.

CONCLUSION

We present potential and limit to acquire lead isotopic ratios
(%5Pb/?*“Pb and 2°8Pb/2**Pb) at lead concentration of 0.5, 1, 1.5 and
2 ng/ml in environmental samples using TQ-ICP-MS with
solutions obtained directly from conventional acid total digestion,
i.e., without the time consuming Pb purification steps. Results are
based on analysis of 61 certified reference material solutions
originated from seven contrasted certified reference materials
(CRMs).  Measurements carried out at different lead
concentrations (0.5, 1, 1.5 and 2 ng/mL) show consistent results
and uncertainties, which validates the analytical strategy for
samples with a mass significantly less than 100 mg and/or with a
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low Pb concentration. By consolidating several years of
experimental work using TQ-ICP-MS and evaluating a diverse
range of CRMs, the present manuscript delivers a uniquely
comprehensive resource with enhanced practical applicability.
Our results show that the rapid acquisition method using TQ-ICP-
MS without sequential column chemistry presents some potential
for acquisition and interpretation of geochemical data in the
context of source tracing, which can be useful for environmental
research. Lead isotope ratio analysis (?®®Pb/2*Pb and 2%°Pb/?**Phb)
using TQ-ICP-MS has significant potential for applications in
which end-members have significant different isotopic signal. For
the 27Pb/2%Pb ratio, the uncertainties from TQ-ICP-MS
measurements are on the same scale as the isotopic differences
between CRMs and natural terrestrial samples. The analytical
error overlaps significantly with the CRMs and natural sample
variability. Hence, under the methods presented here, the resulting
207pp/24Ph data lack the precision required for reliable source
apportionment and cannot be used for further interpretation in
environmental and geological studies. Even though 2%6Pb/2%*Ph
and 2%8Pb/2%Pb carry essentially the same information as
206Ph/207Ph and 208Ph/297Ph, 206Ph/204Ph and 2°8Pb/2%Ph from TQ-
ICP-MS analysis can be compared with the majority of published
source-tracing studies that employ 2%Pb/?Pb and 2%8Pb/?**Pb
from MC-ICP-MS or TIMS, and therefore facilitate data
comparisons and interpretations. The following applications can
particularly benefit from this analytical approach: (i) pre-screening
of samples prior to high-precision MC-ICP-MS analysis requiring
sequential Pb purification; (ii) preliminary characterization of lead
isotope ratio distributions in environmental and geological sample
sets; (iii) source tracing in environmental geochemistry when
potential end-members display sufficiently distinct isotopic
signatures; and (iv) direct comparison with published datasets
reporting  2%Pb/2*Pb and 2%Ph/?Pb ratios for source
apportionment studies. Many studies could benefit from this rapid
analysis method often conducted in parallel with other lead isotope
ratios (2Ph/2"Ph and 2%8Pb/2’Pb) analysis without additional
sample preparation steps. Further high-precision analysis with
MC-ICP-MS after time and chemicals consuming steps of
sequential column chemistry for purification of Pb can be
conducted if higher precisions on 2%6Pb/2%*Ph, 207Ph/2%Ph and
208Pp/294PY ratios are needed and on a selection of samples within
the sample sets. This approach has potential to limit the negative
environmental impacts and the cost of our researches.

ASSOCIATED CONTENT

The supporting information

(Qtegra lead isotopes Session January 2025.imexp) and data
(data Pb Pub.ods) used in the creation of the manuscript are
available at https://www.at-spectrosc.com

https://www.at-spectrosc.com/as/article/pdf/20260047

593

AUTHOR INFORMATION

Yangjunjie Xu-Yang received his BSc in
2013 from China Agricultural University, and
PhD in 2020 from University Paris Cité. He is
a researcher in Environmental geochemistry
at French Alternative Energies and Atomic
Energy Commission. His work concentrated

on atmospheric chemistry and physics.

Corresponding Author

*Y. Xu-Yang
Email address: xuyangjunjie@gmail.com

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This work would not have been achieved without logistical
support from Amélie Ogier. The authors are especially grateful to
Justine Briard, Amélie Ogier and Louise Bordier for their work
related to lead isotope analysis done at the beginning of this project.
This work benefits of National program EC2CO (CNRS-INSU)
support with Urban Orge River and Urban Antimony grants, the
project conducted by the Group Metals of the Chantier
Scientifique de Notre-Dame (CNRS/Ministére de la Culture) and
the French National Research Agency (ANR) through the ANR-
22-CE01-0016 project ANTIMONY.

REFERENCES

1. M. A. S. Laidlaw, G. M. Filippelli, S. Brown, J. Paz-Ferreiro, S. M.
Reichman, P. Netherway, A. Truskewycz, A. S. Ball, and H. W.
Mielke, Appl. Geochem., 2017, 83, 14-30.
https://doi.org/10.1016/j.apgeochem.2017.02.015

2. M. A. S. Laidlaw and M. P. Taylor, Environ. Pollut.,2011, 159, 1-9.
https://doi.org/10.1016/j.envpol.2010.08.020

3. M. Chen, L. Gazze, F. J. DiTraglia, R. Das, J. Driagu, Y. Erel, E. A.
Boyle, C. M. Taylor, and D. Weiss, Commun. Earth Environ.,2025,
6, 776. https://doi.org/10.1038/s43247-025-02735-x

4. M. Komiarek, V. Ettler, V. Chrastny, and M. Mihaljevi¢, Environ.
Inter., 2008, 34, 562-577.
https://doi.org/10.1016/j.envint.2007.10.005

5. Dickin, A. P. Radiogenic Isotope Geology. (Cambridge University
Press, 2018). https://doi.org/10.1017/9781316163009

6. L. S. Doucet, Z.-X., Li, D. Fougerouse, H. K. H. Olierook, H.
Gamaleldien, C. L. Kirkland, and M. 1. H. Hartnady, Earth-Sci.
Rev., 2023, 243, 104483.
https://doi.org/10.1016/j.earscirev.2023.104483

Atom. Spectrosc. 2026, 47(4), 585—-594.


https://doi.org/10.1016/j.apgeochem.2017.02.015
https://doi.org/10.1016/j.envpol.2010.08.020
https://doi.org/10.1016/j.envint.2007.10.005
https://doi.org/10.1016/j.earscirev.2023.104483

7. L. S. Doucet and Z.-X. Li, Nat. Geosci.,2024,17, 1175-1181. 25. N. Shirai, Y. Yokozuka, S. Terai, R. Khan, and M. Ebihara,
https://doi.org/10.1038/s41561-024-01558-3 Spectrochim. Acta B,2022,197, 106532.

8. A.Stracke, M. Willig, F. Genske, P. Béguelin, and E. Todd, https://doi.org/10.1016/j.5ab.2022.106532
Geochem. Geophys. Geosyst., 2022, 23, €2022GC010606. 26. J.Baker, D. Peate, T. Waight, and C. Meyzen, Chem. Geol., 2004,
https://doi.org/10.1029/2022GC010606 211, 275-303. https://doi.org/10.1016/j.chemgeo.2004.06.030

9. W. M. White, M. G. Jackson, and S. Hardardottir, Geochem. 27.  S. Wilson, The collection, preparation and testing of USGS
Geophys. Geosyst., 2025, 26, €2024GC011870. reference material BCR-2, Columbia River, Basalt,. U.S.
https://doi.org/10.1029/2024GC011870 Geological Survey Open-File Report 98-00x https://cpb-us-

10.  J. Briard, S. Ayrault, M. Roy-Barman, L. Bordier, M. L'Héritier, A. w2.wpmucdn.com/muse.union.edu/dist/c/690/files/2021/07/usgs-
Azéma, D Syvilay, and S. Baron, Sci. Total Environ., 2023, 864, ber2-1.pdf (1997).

160676 (2023). https://doi.org/10.1016/j.scitotenv.2022.160676 28.  A. Vanderstraeten, S. Bonneville, S. Gili, J. de Jong, W. Debouge, P.

1. A.Seleznev, I. Yarmoshenko, G. Malinovsky, E. Iigasheva, M. Claeys, and N: Mattielli, Geostand. Geoanal. Res., 2020, 44, 307—
Chervyakovskaya, M. Streletskaya, and D. Kiseleva, Appl. 329. https://doi.org/10.1111/ggr.12320
Geochem.,2022,137,105184. 29. V. A.Finlayson, J. G. Konter, K. Konrad, A. A. P. Koppers, M. G.
https://doi.org/10.1016/j.apgeochem.2021.105184 Jackson, and T. O. Rooney, Earth Planet. Sci. Lett., 2018, 500, 168—

12.  C. Heredia, S. Guédron, A. T. Gourlan, B. Helly, H. Delile, L. 179. https://doi.org/10.1016/j.epsl.2018.08.020
Calzolari, S. Campillo, S. Santenac, L. Audin, P. Telouk, and F. 30. M.Klaver, T. Djuly, S. de Graaf, A. Sakes, J. Wijbrans, G. Davies,
Albarede, Quat. Sci. Rev, 2025, 353, 109227. and P. Vroon, Geochim. Cosmochim. Acta, 2015, 153, 149—-168.
https://doi.org/10.1016/j.quascirev.2025.109227 https://doi.org/10.1016/j.gca.2015.01.007

13.  A. Bollhofer and K. J. R. Rosman, Geochim. Cosmochim. Acta, 31. M. Carpentier, D. Weis, and C. Chauvel, Chem. Geol., 2014, 382,
2001, 65, 1727-1740. https://doi.org/10.1016/S0016- 67-82. https://doi.org/10.1016/j.chemgeo.2014.05.028
7037(00)00630-X 32. M. Le Gall, S. Ayrault, O. Evrard, J. P. Laceby, D. Gateuille, I.

14.  A. Bollhofer and K. J. R. Rosman, Geochim. Cosmochim. Acta, Lefévre, J.-M. Mouchel, and M. Meybeck, Environ. Pollut., 2018,
2000, 64, 3251-3262. https://doi.org/10.1016/S0016- 240, 125-139. https://doi.org/10.1016/j.envpol.2018.04.082
7037(00)00436-1 33. M. Philippe, P. Le Pape, E. Resongles, G. Landrot, R. Freydier, L.

15.  R.L.Rudnick and S. Gao, Composition of the Continental Crust. in Bordier, B. Baptiste, L. Delbes, C. Baya, C. Casiot, and S. Ayrault,
Treatise on Geochemistry 1-51 (Elsevier, 2014). Chemosphere, 2023, 313, 137368.
https://doi.org/10.1016/B978-0-08-095975-7.00301-6. https://doi.org/10.1016/j.chemosphere.2022.137368

16. Y. Erel, Y. Dubowski, L. Halicz, J. Erez, and A. Kaufinan, Environ. 34. Y. Xu-Yang, et al., Sci. Adv., 2025, 11, eadr9192.

Sci. Technol., 2001, 35, 292-299. https://doi.org/10.1021/es0013172 https://doi.org/10.1126/sciadv.adr9192

17.  B. Gulson, M. Chiaradia, J. Davis, and G. O’Connor, Sci. Total 35.  C.A. Tomezyk, J. Archaeol. Sci., 2022, 146, 105657.

Environ., 2016, 550, 69-72. https://doi.org/10.1016/j.jas.2022.105657
https://doi.org/10.1016/j.scitotenv.2016.01.083 36. E.S.Gladney, E. A. Jones, E. J. Nickell, and I. Roelandts,

18.  R.M. Ellam, Scie. Total Environ., 2010, 408, 3490-3492. Geostandards Newsletter, 1990, 14, 209-359.
https://doi.org/10.1016/j.scitotenv.2010.03.037 https://doi.org/10.1111/1.1751-908X.1990.tb00075.x

19.  W. Abouchami, K. Nithe, A. Kumar, S. J. G. Galer, K. P. Jochum, 37. K. Govindaraju, Geostand. Geoanal. Res., 1994, 18, 1-158.

E. Williams, A. M. C. Horbe, J. W. C. Rosa, W. Balsam, D. Adams, https://doi.org/10.1046/j.1365-2494.1998.53202081.x-i1
K. Mezger, and M. 0 Andreae, Egrth Planet. Sci. Lett., 2013, 380, 38. K. P Jochum, U. Weis, B. Schwager, B. Stoll, S. A. Wilson, G. H.
112-123. https://doi.org/10.1016/j.eps1.2013.08.028 Haug, M. O. Andreae, and J. Enzweiler, Geostand. Geoanal. Res.,

20. D. Guinoiseau, S. P. Singh, S. J. G. Galer, W. Abouchami, R. 2016, 40, 333-350. https://doi.org/10.1111/j.1751-
Bhattacharyya, K. Kandler, C. Bristow, and M. O. Andreae, Quat. 908X.2015.00392.x
Sci. Rev, 2022, 293, 107729. 39. K. P Jochum and U. Nohl, Chem. Geol., 2008, 253, 50-53.
https://doi.org/10.1016/j.quascirev.2022.107729 https://doi.org/10.1016/j.chemgeo.2008.04.002

21. A. Kumar, W. Abouchami, S. J. G. Galer, V. H. Garrision, E. 40. E.S.Gladney and I Roelandts, Geostandards Newsletter, 1998, 12,
WllllamS,. and M. O. Agdreae, Atmos. Envzron., 2014, 82, 130-143. 253-362. httpS//dOlOI‘g/lOl 11 1/]1751-908X1988tb00053x
https://doi.org/10.1016/j.atmosenv.2013.10.021 .

. 41. P.Dulski, Geostand. Geoanal. Res., 2001, 25, 87-125.

22. Al Usman, E. L. Ander, E.H. Balley, S. NC]IHS, V. Pashley, S.D. https//dmorg/lOllll/J1751-908X2001tb00790x
Young, and S. R. Chenery, J. Anal. At. Spectrom., 2018, 33,2184~ 42 R Khondoker. D. Weiss. T. de Flierdt. M. Rehki K
2194 htps://doi.org/10.1039/c8ja00290h - R Rhondoker, D. Weiss, 1. van de Flierdt, M. Rehiamper, K.

] ) Kreissig, B. J. Coles, S. Strekopytov, E. Humphreys-Williams, S.

23. K. Cherviakouski, O. P. Pandey, M. Amad, and F. M. Van Der Dong, A. Bory, V. Bout-Roumazeilles, and P. Smichowski,

Zwan, Sp‘ectrochlm. Act'a B.,2026, 237, 107450. Geochemistry, 2018, 78, 372-384.
https://dm.org/l 0.101 6/] .8ab.2026.107450 hﬁpSZ//dOi.OI‘g/l 0.101 6/j.chemer.20 18.05.001
24. M. Grotti, M., M. A. Vecchio, D. Gobbato, M. Mataloni, and A.
Ardini, J. Anal. At. Spectrom., 2023, 38, 1057-1064.
https://doi.org/10.1039/d2ja00424k
https://www.at-spectrosc.com/as/article/pdf/20260047 594 Atom. Spectrosc. 2026, 47(4), 585—-594.


https://ui.adsabs.harvard.edu/link_gateway/2022GGG....2310606S/doi:10.1029/2022GC010606
https://ui.adsabs.harvard.edu/link_gateway/2022GGG....2310606S/doi:10.1029/2022GC010606
https://doi.org/10.1016/j.scitotenv.2022.160676
https://doi.org/10.1016/j.apgeochem.2021.105184
https://www.sciencedirect.com/author/15064036900/stephane-guedron
https://doi.org/10.1016/S0016-7037(00)00630-X
https://doi.org/10.1016/S0016-7037(00)00630-X
https://ui.adsabs.harvard.edu/link_gateway/2000GeCoA..64.3251B/doi:10.1016/S0016-7037(00)00436-1
https://ui.adsabs.harvard.edu/link_gateway/2000GeCoA..64.3251B/doi:10.1016/S0016-7037(00)00436-1
https://doi.org/10.1021/es0013172
https://doi.org/10.1016/j.scitotenv.2016.01.083
https://doi.org/10.1016/j.scitotenv.2010.03.037
https://www.sciencedirect.com/author/6603071455/wafa-abouchami
https://www.sciencedirect.com/author/6602185143/stephen-j-g-galer
https://www.sciencedirect.com/author/7003366782/klaus-peter-jochum
https://www.sciencedirect.com/author/57207137435/earle-r-williams
https://www.sciencedirect.com/author/6602843108/adriana-maria-coimbra-horbe
https://www.sciencedirect.com/author/7003780987/william-l-balsam
https://www.sciencedirect.com/author/35228711600/david-k-adams
https://www.sciencedirect.com/author/57203029618/klaus-mezger
https://www.sciencedirect.com/author/35461763400/meinrat-o-andreae
https://doi.org/10.1016/j.epsl.2013.08.028
https://doi.org/10.1016/j.quascirev.2022.107729
https://doi.org/10.1016/j.atmosenv.2013.10.021
https://doi.org/10.1039/c8ja00290h
https://doi.org/10.1039/d2ja00424k
https://doi.org/10.1016/j.sab.2022.106532
https://doi.org/10.1016/j.chemgeo.2004.06.030
https://doi.org/10.1016/j.epsl.2018.08.020
https://doi.org/10.1016/j.gca.2015.01.007
https://doi.org/10.1016/j.chemgeo.2014.05.028
https://www.sciencedirect.com/author/6603773213/irene-lefevre
https://doi.org/10.1016/j.envpol.2018.04.082
https://doi.org/10.1016/j.chemosphere.2022.137368
https://doi.org/10.1126/sciadv.adr9192
https://doi.org/10.1016/j.jas.2022.105657
https://doi.org/10.1111/j.1751-908X.1990.tb00075.x
https://doi.org/10.1111/j.1751-908X.2015.00392.x
https://doi.org/10.1111/j.1751-908X.2015.00392.x
https://doi.org/10.1016/j.chemgeo.2008.04.002
https://doi.org/10.1111/j.1751-908X.1988.tb00053.x
https://doi.org/10.1111/j.1751-908X.2001.tb00790.x
https://www.sciencedirect.com/author/7003837574/mark-rehkamper
https://doi.org/10.1016/j.chemer.2018.05.001



