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ARTICLE INFO ABSTRACT

Keywords: Tracing pollution originating from uranium (U) mining activities is a key challenge due to the diversity of U
Pollution sources (geochemical background versus U-ore) and its daughter radionuclides. Among the available tracers
U-mine

that can be used to highlight the impact of these activities on the environment, the application of Pb stable
isotopes is relevant. This paper is an overview of the use of Pb isotopes for tracing U-mining impacts due
to mining and milling activities. For this purpose, this work outlines the different Pb isotope sources in
the environment with a focus on the primary U-rich ores until the mineralized area. This information is an
important prerequisite for the understanding of Pb fate during the physical and chemical processing of U-ores.
Moreover, an important review regarding the Pb isotope composition of the different types of U mining waste
is carried out. Finally, an additional part of analytical procedures including sample preparation and Pb isotopic
analysis are also be presented.

Lead isotopes

Source tracing

U-mining contamination
Evaluation of environmental impact
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T. Geng et al
1. Introduction

Uranium (U) mining, which includes the extraction of U ores and
subsequent milling processes involving the physical and chemical treat-
ment of U ores to extract uranium, results in the production of the most
substantial quantity of radioactive waste. Nowadays, more than 4300
uranium mines worldwide generate 938 x 10® m3 of mill tailings (Ab-
delouas, 2006). Within the global landscape of U production, the
historical extraction of U-ores in France represents a significant under-
taking, spanning the years from 1948 to 2001 (IRSN Mimausa, 2023).
This extended period of U mining operations included diverse activities
such as prospecting, extraction and processing, collectively yielding a
substantial production of 76,000 tons of U, accompanied by the gen-
eration of approximately 50 million tons (Mt) of mill tailings and 200
Mt of waste rocks dispersed across 250 distinct sites (IRSN Mimausa,
2023). Currently, the sustainable management strategies for these min-
ing materials are grounded on a plan known as the “Plan de Gestion
des Matieres et Déchets Radioactifs” (PNGMDR) for 2022-2026 (ASN,
2022).

Despite the implementation of comprehensive action plans, natural
ecosystems were formerly impacted by U-mining activities, with the
record of ancient U-inputs and in certain cases its daughter isotopes,
notably 230Th, 226Ra, 222Rn, 210Pb and 2!%Po in the atmosphere, soils,
wetlands, surface and deeper lake sediments (Mangeret et al., 2020;
Cuvier et al., 2015; Gourgiotis et al., 2020; Mangeret et al., 2018,
2020; Martin et al., 2020; Stetten, 2018; Stetten et al., 2018; Wang
et al., 2013, 2014; Morin et al., 2016; Avasarala et al., 2017). The
origin of these inputs is mainly related to the transport of radionuclide-
enriched particles by hydraulic and atmospheric transport resulting
from mining/milling or rehabilitation activities of U-mining sites or
long-term discharges of mine effluents. However, dissolved or colloidal
transport can also lead to the dissemination of radionuclides from the
mining sites into the environment.

In addition to U-mining impacts, the natural radionuclide inputs
due to the weathering and erosion (chemical and/or physical) of local
bedrock, such as granite, constitute an additional source of naturally
occurring radionuclide contamination. Indeed, high U contents have
already been documented in sites non-impacted by U-mining activities
(up to 10,000 ppm) (Owen and Otton, 1995), such as Alpine soils (up to
6000 ppm) (Regenspurg et al., 2010; Pefia et al., 2020; Lefebvre et al.,
2022), as well as ground and surface waters (Owen and Otton, 1995),
where the surrounding bedrocks consist mainly of crystalline rocks that
commonly contain trace amounts of U. Quantifying the contribution
of natural and anthropogenic U and its daughter isotope sources is,
therefore, crucial for the determination of the environmental impacts
of U-mining activities, which is necessary for guiding and directing
waste management strategies and potential remediation actions of U-
contaminated sites. In the past, conventional methods, involving the
determination of U concentration, or the measurement of the equilib-
rium state of 235U and 238U decay series were used for identifying U
sources (Dickson et al., 1985, 1987; Gulson et al., 1989; Rossman, 1972;
Quirt and Benedicto, 2020). Whereas, it is important to recognize that,
these methods can help to identify radionuclide “hot spots” but not
for tracing the natural and U coming from anthropogenic activities.
Acknowledging this challenge, lead (Pb) stable isotopes have been
employed for the determination of U sources in the environment for
decades (Gulson et al., 1989; Bollhofer et al., 2006b; Bollhofer, 2012;
Wang et al., 2014). This method offers a robust technique for detect-
ing U-mineralization, frequently proving effective where conventional
methods mentioned earlier fell short.

Pb has 4 stable isotopes: 20*Pb (1.4%), 20°Pb (24.1%),
207pb (22.1%), 298Pb (52.4%). 294Pb is a primordial isotope and the
three last isotopes are the final decay products of natural U and Th
decay series (238U — 206pb, 235y — 207ph, 232Th — 208pb), Within U-
ores, the presence of high U concentrations results in the production
of large quantities of Pb, particularly radiogenic 2°6Pb and 207Pb.

Journal of Environmental Radioactivity 280 (2024) 107547

Conversely, a notable depletion in 298Pb is observed, owing to the low
concentrations of 232Th. These distinctions give rise to a significant
isotopic contrast when compared to natural Pb, which is typically
characterized by the predominance of 208Pb.

For the application of stable Pb isotopes in tracing natural U-decay
product inputs in the environment, the knowledge of the Pb isotope
distribution, (i) from the U-grain scale, at the excavated U-ore, (ii)
during its physical and chemical processing (i.e. milling processes) and
until (iii) the more distant environmental scale, is crucial.

Numerous studies and review articles focused on the source tracing
of anthropogenic inputs by using stable Pb isotopes, thereby enriching
the scientific databases of Pb isotopic composition related to various an-
thropogenic sources. These sources primarily originate from industrial
activities, including gasoline, smelting operations, coal combustion,
waste incineration (Komarek et al., 2008; Cheema et al., 2020), as well
as the extraction and processing of Pb ores (Sangster et al., 2000).
Instead, to our knowledge, no scientific review has been prepared
to address the application of Pb stable isotopes in tracing the en-
vironmental impact of former U-mining inputs. Here, we present an
overview of the Pb isotopic source tracing method applied to evaluate
the environmental impacts of U-mining activities. We dicussed the
mechanisms controlling the migration of radiogenic Pb from its sources,
i.e., primary U-enriched minerals at both the nano- and micrometric U-
bearing grain scales and the mineralized ore-body scale, and finally to
soil and sediments where the signatures are recorded downstream from
industrial sites. This helps ensure the correct application of this tech-
nique. Finally, an additional section on the main analytical procedures
that were used for Pb isotopic analysis was presented.

2. Pb isotopic composition in different materials
2.1. Pb isotopic composition of natural sources

The Pb on Earth consists of primordial Pb and radiogenic Pb.
Primordial Pb is the Pb that has existed since the formation of the
Earth. The relative abundance and isotopic composition of primordial
Pb were initially established through measurements of troilite in iron
meteorites dating back to 4.5 billion years ago (Ga) in 1973 (Cumming
and Richards, 1975). Among the isotopes of interest, 296Pb, 207Pb,
and 2°8Pb dominate the composition, constituting 18.6%, 20.6%, and
58.9% of primordial Pb, respectively, whereas 2%4Pb holds a relative
abundance of only 2% (Cumming and Richards, 1975). Radiogenic Pb,
resulting from the radioactive decay of 23°U, 238U, accumulated over
time, leading to alterations in the relative abundances of 206Pb, 207pb,
and 298pb. The growth of radiogenic Pb can be effectively modeled
through the application of either a single-stage or two-stage growth
curve, which takes into account the initial primordial Pb value and
provides estimates of the composition of U, Th, and Pb. In this modeling
approach, the Earth is considered to have evolved with relatively
uniform values of y (238U/204Pb) and w (232Th/204Pb) over the past
3.7 billion years, enabling the estimation of the average Pb isotopic
composition of the Earth’s crust at various geological ages (Stacey and
Kramers, 1975). However, later reassessments led to a refinement of
these models, suggesting the direct use of the 297Pb/2%6pPb ratio for
developing a more accurate crustal geochronological model (Cumming
and Richards, 1975). An alternative linear increase model to estimate
the Present Day Average Crust (PDAC) has been proposed (Cumming
and Richards, 1975). These models collectively provide valuable in-
sights into the Pb isotopic composition of the PDAC, as summarized in
Table 1. Notably, the 2°6Pb/297Pb ratio has evolved from its primordial
value of 0.9 to approximately 1.20 in the PDAC, while the 208Pb/207pb
ratio has decreased from 2.86 to approximately 2.47 over time.

The Pb isotopic composition of Pb ore minerals tends to remain
stable over time, primarily because these ores do not contain significant
amounts of the parent isotopes U or Th. Consequently, Pb ores typically
exhibit a distinctive low radiogenic Pb signature, characterized by
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Table 1
Evolution of Pb isotopic composition for primordial crust and Present Day Average Crust (PDAC).
- 206pb/204ph 207pb/204pb 208pp/204ph 206pb/207ph 208pb/207ph Reference
Primordial 9.3 10.3 29.5 0.9 2.86 Tatsumoto et al. (1973)
PDAC (Two-stage model) 18.70 15.63 38.63 1.20 2.47 Stacey and Kramers (1975)
PDAC (Single-stage model I) 18.47 15.64 38.51 1.18 2.46 Cumming and Richards (1975)
PDAC (Single-stage model II) 18.70 15.63 38.63 1.20 2.47 Cumming and Richards (1975)
PDAC (Linear model) 18.82 15.67 38.89 1.20 2.48 Cumming and Richards (1975)
Table 2
Pb isotopic composition of natural and industrial Pb sources.
Pb source 206pp/207ph Reference
Galena (Ranger U mine, Australia) 1.18 Santos and Tassinari (2012)
Galena (Bertholéne, France) 1.21 Lévéque (1990)
Leaded gasoline 1.06-1.39 Monna et al. (1997) and Komérek et al. (2008)
Coal combustion 1.13-1.26 Komarek et al. (2008)
Metallurgy activities 1.12-1.18 Komdrek et al. (2008)
Waste incineration 1.14-1.25 Komarek et al. (2008)

206ph/207pb ratios that generally fall within the range of 1.08 to 1.25
on a global scale (Table 2). This particular type of Pb is often referred
to as ‘common Pb.” For example, the primary Pb ore galena, sourced
from the Ranger mine in Australia and galena from the Bertholéne mine
in France, both exhibit 29°Pb/207Pb ratios of 1.18 and 1.21, respec-
tively (Santos and Tassinari, 2012; Lévéque, 1990). The Pb isotopic
composition of Pb ore deposits is primarily influenced by three key
factors: (i) the initial isotopic composition, (ii) the age of the ore bodies
(older Pb ores typically contain more radiogenic Pb than more recent
deposits), and (iii) the initial U and Th content within the ores. For a
comprehensive overview of the Pb isotopic composition of investigated
Pb ore deposits worldwide, a detailed summary table is available in the
work by Sangster et al. (2000).

2.2. Pb isotopic composition of non-nuclear industrial sources

Approximately 95% of Pb atmospheric emission arises from an-
thropogenic activities, which includes a range of sources such as the
combustion of leaded gasoline, mining and milling operations, smelting
activities, painting factories, and the Pb-acid battery industry (Monna
et al., 1999). It is noteworthy that each of these Pb sources exhibits a
distinct and characteristic isotopic signature reflecting the Pb isotopic
composition of the Pb ores used for production. Table 2 summarizes
the Pb isotopic composition of primary anthropogenic Pb sources.

Global investigations of leaded gasoline have revealed a wide range
of isotopic compositions, with 206Pb/207pb ratio ranging from 1.06
to 1.39. This variability in isotopic signatures provides valuable in-
sights into the origins of the Pb used in alkyl lead antiknock addi-
tives (Komarek et al., 2008). Notably, American leaded gasoline stands
out with its significantly elevated 2°6Pb/207Pb ratio, ranging from 1.31
to 1.35 (Doe and Delevaux, 1972). This distinction arises from the
use of Pb ores in gasoline production, particularly those sourced from
the Mississippi Valley ore deposit, which possesses a unique and more
radiogenic Pb isotopic composition. In contrast, the Pb ores commonly
used in Australia, from the Broken Hill deposit, is characterized by an
extremely low 206Pb/27Pb ratio (1.03-1.10). Investigations of the Pb
isotopic composition of other industrial sources, including coal combus-
tion, metallurgical activities, waste incineration, and mining activities
have been undertaken (Table 2). Particularly, the U-mining materials
show a Pb isotopic signature, known as ‘radiogenic Pb signature’, which
differs from other sources due to the high 2°°Pb and 2%Pb content
compared to that of 208Pb.

2.3. Radiogenic Pb signature in the U-mining industry

2.3.1. Major U-rich mineral phases
U-ore minerals.

U is commonly found in the form of accessory minerals in na-
ture, which constitutes a minor portion of bedrock. Depending on
the geological conditions, a diverse range of primary and secondary
U minerals were precipitated from U-bearing fluids via mechanisms
such as adsorption, reduction-oxidation, and microbial activity in the
form of U (IV) or U(VI) (Langmuir, 1978; Fayek et al., 2011). Some
of the most common U-ore minerals are uraninite, pitchblende, and
coffinite (Fayek et al., 2011). Among them, primary U mineral uraninite
and pitchblende represent the initial form of U deposition, while sec-
ondary minerals arise as alteration products of uraninite under reducing
conditions including autunite, coffinite, uranophane, and torbernite.
These minerals are often identified in U deposits.

Uraninite (UO,) occurs in crystalline form and can be found in
various crystallographic shapes. It can either exist as a primary con-
stituent within granitic rocks and pegmatites or as a secondary mineral
associated with Ag, Pb, or Cu ores (Dana et al., 1985). Pitchblende is
an amorphous variety of uraninite. It also primarily contains uranium
dioxide, but in varying proportions. Pitchblende occurs as fine-grained
aggregates and is poorly crystalline, typically precipitating in environ-
ments characterized by lower temperatures than uraninite, and usually
contains less thorium (Th) and rare earth elements (REE) (Dahlkamp,
2013; Janeczek et al., 1996). Uraninite and pitchblende hold a dis-
tinguished status as the predominant U-ore minerals, both in terms of
their abundance in the Earth’s crust and its substantial economic signifi-
cance (Burns and Finch, 2018) on a global scale. Coffinite represents the
second most prevalent U-ore mineral and is a major U-bearing phase
found in numerous sandstone-hosted U deposits (Burns and Finch,
2018).

In the natural environment, pure UO, is rare, as it contains cation
impurities, including but not limited to Pb, Ti, Fe, Si, Th, Zr, REE,
Ca (Burns and Finch, 2018). The formation of alteration products
(secondary U-ore minerals) mentioned earlier, which originate from
uraninite, is directly connected to the presence of these impurities
and the chemical compositions of the fluids involved in the alteration
process (Janeczek and Ewing, 1992, 1995). Among these impurities, ra-
diogenic Pb is the most important impurity in geologically old uraninite
samples due to the radioactive decay of U. Remarkably, the concentra-
tion of radiogenic Pb in uraninite can be exceptionally high, reaching
levels of up to 15-20 wt% in the form of PbO (Berman, 1957; Janeczek
and Ewing, 1991, 1992, 1995).
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In contrast to the previously mentioned Pb sources, U-ore mineral
phases exhibit a distinct Pb isotopic composition characterized by
high 206Pb/207Pb ratios and low 298Pb/207Pb ratios, attributed to the
radioactive decay of 233U and 235U within these mineral phases. The
investigations of the radiogenic Pb signature of U-rich minerals includ-
ing uraninite, pitchblende, torbernite, and autunite on a global scale is
summarized in Table 3. The radiogenic Pb signature within U-ores can
display significant variability, even within the same type of mineral.
The torbernite of Urgeirica mine (Portugal) shows the most radiogenic
signature with a 20Pb/207Pb ratio around 20. Pitchblende from the
Ranger U mine in Northern Australia exhibits a 2°6Pb/207Pb ratio as
high as 12.73, while pitchblende from Portugal shows a 2°°Pb/207pb
ratio of approximately 1.91 (Table 3). This divergence in Pb isotopic
ratios among U-ore minerals cannot be solely attributed to the age
of the U-ore deposits; it is also related to variations in U and Th
concentrations and the initial Pb isotopic composition present in these
minerals.

The radiogenic Pb contained within uraninite assumed the Pb(II)
state, effectively replacing U(IV) within the crystal lattice (Syver-
son et al., 2019). However, Pb(II) possesses a larger ionic radius of
0.129 nm for a coordination number of VIII, exceeding the ionic radius
(0.100 nm) of U(IV) with the same coordination number. Consequently,
Pb cannot directly substitute for U within the uraninite structure.
Instead, the radiogenic Pb is expelled from uraninite, leading to the
formation of a monolayer of amorphous massikote (PbO) (Janeczek
et al., 1996).

The migration of radiogenic Pb has been well-documented in var-
ious studies. For instance, at Shea Creek in Saskatchewan, Canada,
53% to 64% radiogenic Pb in uraninite was found to migrate over
considerable distances, reaching up to 700 meters away from the ore
body and trapped within galena (Kister et al., 2004). Recent leaching
tests on Olympic Dam uraninite confirmed the mobility of Pb. In these
tests, 206Pb and 238U were primarily localized at the surface or in large
pores/grain boundaries within uraninite (Ram et al., 2021). In terms of
metamorphism and alteration history, radiogenic Pb within uraninite
could be released from the crystal lattice when there were changes in
the oxidation state of the metasomatic hydrothermal fluid. During this
process, U(IV) within uraninite mobilized into soluble U(VI) species
through oxidative dissolution. This behavior was mainly attributed to
the fact that the solubility of Pb(II) in hydrothermal fluids was less
sensitive to changes in the fluid’s redox conditions compared to U-
bearing minerals. Instead, it was primarily influenced by factors such
as temperature and the concentration of dissolved ligands, including
associations with chloride and sulfide ions (Etschmann et al., 2018).
Depending on changes in hydrothermal fluid chemistry, Pb became
susceptible to mobilization through various mechanisms of U-bearing
mineral alteration, such as dissolution-reprecipitation and/or mineral
replacement. Janeczek and Ewing (1995) also documented the re-
lease of radiogenic Pb from uraninite in the natural reactors of Oklo,
Gabon. They proposed several mechanisms for this release, including
episodic and thermally activated processes like mineral dissolution,
grain boundary diffusion, exsolution via continuous precipitation, vol-
ume diffusion, and co-transport of intermediate daughter products from
uraninite. A more recent study on Oklo uraninite reactor zone samples
suggested that multiple events involving fluid interactions and internal
UO, recrystallization caused the loss of incompatible elements like
Pb. These elements were sequestered from the UO, matrix into their
mineral phases (Evins et al., 2005).

Coffinization, resulting in the transformation of uraninite into coffi-
nite, represents another mechanism leading to the release of Pb, par-
ticularly the radiogenic Pb. Several studies indicate that during the
process of uraninite alteration, the actual loss of Pb can be as high as
100%. In the partially altered zones of uraninite, known as coffiniza-
tion, grains exhibit diminished levels of radiogenic Pb compared to
the surrounding primary, unaltered zones of uraninite (Janeczek and
Ewing, 1995; Alexandre and Kyser, 2005; MacMillan, 2016). Similarly,
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for brannerite, preferential retention of radiogenic Pb in the altered
brannerite was also observed and attributed to Pb serving as a network
modifier within the Ti-Si-O framework of the glass-like structure of
metamict brannerite (Rollog et al., 2019).

It is important to highlight that these migrations of radiogenic Pb
do not significantly alter the isotopic composition of Pb in uraninite.
This lacks of preferential release of specific Pb isotopes results in no
significant isotopic fractionations.

Other U-rich mineral phases.

Mineral phases such as titanite, zircon, and monazite consistently
incorporate minor quantities of U, resulting in a radiogenic Pb sig-
nature. They are typically accessory minerals that occur alongside
U-bearing minerals in U-ore deposits as accessory minerals or gangue
minerals. During the formation, they tend to concentrate on U and Th
while rejecting Pb, which minimizes the common Pb. Consequently, the
majority of the Pb found within zircons is produced in situ through
radioactive decay processes (Syverson et al., 2019; Watson et al., 1997).

Zircon and titanite contain trace amounts of U, usually constitut-
ing less than 1 wt%, which subsequently leads to the generation of
radiogenic Pb. Investigations have shown that this Pb is primarily
present in the form of nano-scale inclusions (Kusiak et al., 2015) or
as a substitution for Zr/Ti at concentrations below 1 wt% (Kogawa
et al., 2012). Moreover, it is noteworthy that Pb and U distributions
within these two minerals are often decoupled at both the pm and nm
scales (Kogawa et al., 2012; Kirkland et al., 2018).

2.3.2. U concentrates

The U-ore concentrate, commonly referred to as “yellow cake”, is
the end product of U-mining activities. It is obtained through a series of
physical and chemical processing steps applied to uranium ores. Yellow
cake can also be recovered as a byproduct during the extraction of other
materials, such as copper and gold.

Pb isotopic fractionation is generally considered negligible during
the processing of U-ores. As a result, the Pb isotopic composition in
U-ore concentrates is expected to be close to that of the original raw
U-ore. The Pb isotopic composition of investigated yellow cake varies
from 1.21-9.73 (Varga et al., 2009; Svedkauskaite-LeGore et al., 2007).
However, there have been instances where significant variability in Pb
isotopic composition has been observed between U-ore and yellow cake
samples originating from the same mine. In some cases, this variability
can be as high as a factor of four, particularly in the 298Pb/206Pb ratios.
This variation can be attributed to the chemical purification processes
involved in U-ore processing. These processes result in the continuous
separation of radiogenic Pb (and other impurities) from the U-ore,
gradually replacing it with natural Pb found in the chemical reagents
as an impurity (Svedkauskaite-LeGore et al., 2007; Varga et al., 2009).

2.3.3. U tailings

The investigation of Pb isotopic composition within U-tailings gen-
erated by U-mining activities remains somewhat limited in the existing
literature. The Pb isotopic composition of these investigated U-mill
tailings are summarized in Table 4. Notably, data on Pb isotopic
composition have primarily been obtained from mill tailings of France,
Gabon and Portugal (Santos and Tassinari, 2012; Beaumais et al.,
2022), with 296Pb/207pb ratio ranging from 1.545-7.157. These U
mill tailings exhibit a clear radiogenic signature similar to that of U-
ores. Two additional studies have expanded upon this dataset, focusing
on the Pb isotopic composition of bulk mill tailing samples. These
samples were specifically employed as endmembers in environmental
assessments in Canada and China, respectively (Dang et al., 2018; Liu
et al., 2018). Additionally, one study gathered Pb isotopic data from
particles retained in filtered water samples obtained from a borehole
within a U mill tailing dam (Gulson et al., 1989). However, the Pb
isotopic composition determined in U mill tailings cannot accurately
represent the true radiogenic Pb composition of U ores, even though
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Table 3

Pb isotopic composition of U-rich minerals.
Location Sample 206pp,/207ph 208pp/207ph Reference
Australia Uraninite (Koongarra) 13.04 0.018 Isobe et al. (1997)
Australia Unknown U-ore (Olympic dam) 8.33 + 0.31 1.44 + 0.07 Svedkauskaite-LeGore et al. (2007)
Australia Unknown U-ore (Ranger mine) 9.16 + 0.43 0.14 = 0.07 Svedkauskaite-LeGore et al. (2007)
Portugal Pitchblende 1.914 + 0.003 2.363 Santos and Tassinari (2012)
Australia Alligator Rivers pitchblende Up to 12.73 <0.01 Hills and Richards (1976)
Finland Coffinite 2.06 +0.29 2.49 + 0.35 Pomiés et al. (2004)
Portugal Torbernite 19.816 + 0.064 0.079 Santos and Tassinari (2012)
Portugal Autunite 18.773 + 0.026 0.113 Santos and Tassinari (2012)
Australia Uranyl minerals 12.722 0.047 Isobe et al. (1997)

Table 4

Pb isotopic composition of U mill tailings.

Location Sample 206pb/207Pb +25 208pb/207Pb +25 Reference

Portugal Urgeirica mine 1.545 + 0.004 2.43 + 0.02 Santos and Tassinari (2012)
France Le Bosc (Lodéve) 2.25 + 0.02 2.33 + 0.01 Beaumais et al. (2022)
France L’Ecarpiére 5.812 + 0.049 1.871 + 0.009 Beaumais et al. (2022)
France Bellezane 1.862 + 0.007 2.388 + 0.005 Beaumais et al. (2022)
France Le Bernardan (Jouac) 5.924 + 0.084 1.856 + 0.009 Beaumais et al. (2022)
Gabon Mounana 7.157 + 0.082 0.222 + 0.001 Beaumais et al. (2022)
Chine Shaoguan 1.946 2.378 Liu et al. (2018)

Canada Bow Lake(Madawaska Mine) 9.13 + 0.04% 2.62 + 0.017 Dang et al. (2018)
Australia Ranger mine tailings dam water particles 10 0.049 Gulson et al. (1989)

2 Unknown coverage factor (20).

the Pb isotopic composition of French U mill tailings exhibits a clear
radiogenic signature similar to that of U ores, confirming the preser-
vation of the original Pb isotope characteristics of U ores (Beaumais
et al., 2022). It is essential to note that the Pb isotopes identified in U
mill tailings are a mixture of Pb originating from two distinct sources:
(i) common Pb, which may originate from either the U-ore host rock
or the reagents employed during U extraction, and (ii) radiogenic Pb
from U ores.

SEM-EDX observations revealed that phases hosting radiogenic Pb
include both U-rich and U-free S-rich phases. Specifically, the ra-
diogenic Pb is primarily hosted within primary U-rich phases that
persist after the milling process. Additionally, radiogenic Pb is also
encountered in U-free S-rich phases, which could potentially originate
from either (i) residual Pb-sulfide (galena) associated with the nat-
ural hydrothermal alteration of U-rich phases or (ii) newly formed
Pb-Ba-Ra sulfate resulting from the milling process involving sulfuric
acid (Beaumais et al., 2022).

3. Using Pb isotopic composition for U-mine environmental im-
pact assessment

3.1. Pb isotopic composition in U-mine impacted environmental samples

In the field of environmental sciences, Pb isotopic compositions
are typically expressed as ratios, including 2°6Pb/204pb,206pb/207pb,
208ph,207pb, and more. Notably, 2°°Pb/297Pb and 298Pb/297pPb ra-
tios hold particular importance due to their relative abundances and
pronounced variability across diverse sources (Komérek et al., 2008;
Cheema et al., 2020; Bird, 2011).

Pb isotopes have been considered a relevant geochemical tracer for
identifying the sources of Pb in various media since the 1960s (Chow
and Patterson, 1962). They were also used for the exploitation of Pb
ore deposits and the subsequent release of this Pb into the environ-
ment (Bird, 2011). The application of Pb fingerprinting for the detec-
tion of U deposits can be dated back to 1985 (Dickson et al., 1985). In
this pioneering study, it was demonstrated that the 206Pb/294Pb ratio
can identify U deposits, even in regions characterized by low U concen-
trations where other conventional techniques may fall short (Dickson
et al., 1985). This early use of Pb fingerprinting marked a significant
breakthrough in the field of U-deposit exploration, emphasizing the

unique capabilities of Pb-stable isotopes in geochemical research. Fol-
lowing this work, Pb stable isotopes have been extensively employed in
tracing the origins of U-rich materials, including U ores, U concentrates,
U tailings, and U-impacted samples (Santos and Tassinari, 2012; Keegan
et al., 2008; Varga et al., 2009).

In the field of environmental science, high concentrations of U and
various daughter radionuclides have been frequently documented in
diverse environmental compartments. These include soils, sediments,
vegetation, and notably, wetlands, which often serve as significant
sinks for these elements. Such accumulations can arise from natural
weathering and erosion processes, as well as the discharge of materials
from U mining activities. To determine the source of these radioactive
contaminants, number of works have turned to the use of Pb isotope ra-
tios in combination with elemental analyses. This integrated approach
has proven valuable in tracing the origins of contamination (Dang
et al., 2018; Martin et al., 2020; Bollhofer et al., 2006a; Bollhofer,
2012; Gourgiotis et al., 2020; Frostick et al., 2008, 2011; Coetzee and
Rademeyer, 2006; Liu et al., 2018; Cuvier et al., 2016; Geng et al.,
2024; Wang et al., 2024). The Pb in the U-contaminated environmental
samples is a mixing of natural Pb (common Pb) and uranogenic Pb
(radiogenic Pb). However, they still exhibit an enrichment of radiogenic
Pb isotopes (?°°Pb and 207Pb), indicative of U-rich materials pro-
duced during mining activities. The isotopic compositions of samples
impacted by U mining activities are summarized in Table 5.

While the radiogenic Pb signature in environmental samples may
not reach the same levels as those observed in U ores, U concentrates,
and U tailings, this enrichment still enables the differentiation between
U ore sources and common Pb in geogenic sources, which typically
displays a ratio around 1.1-1.2. The application of this technique to
environmental samples collected from U-mine contaminated areas has
provided valuable insights into the dispersion of U from former U mine
sites into the surrounding environment, driven by various mechanisms
including hydraulic and aeolian transport.

This dispersion is particularly pronounced in the downstream area.
The Pb isotopic composition of samples collected downstream exhibits
variations that correspond to different lithologies and often displays
a mixed signature influenced by heavy minerals like monazites orig-
inating from bedrock erosion, natural dust, clays, silts, and industrial
Pb sources (Bollhofer, 2012; Frostick et al., 2011). Then, a noticeable
decrease in the 295Pb/207Pb ratio was observed in samples collected
upstream as the distance from the mining site increased, eventually
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Table 5

Pb isotopic composition of U-mine contaminated samples.
Location Sample 206pp,/207 ppa 208pp,/207ppe Reference
Canada Soils and lake sediments 1.17-4.13 2.23-2.28 Dang et al. (2018)
Australia Aerosol particles 1.58-4 1.55-2.26 Bollhofer et al. (2006a)
Australia Downstream sediments 1.26-2.20 2.30- 2.68 Santos and Tassinari (2012)
Australia Downstream mussels 1.21-2.35 2.23-2.49 Bollhofer (2012)
Australia Surface sediments along drainage channels 8.72-8.92 0.26-0.31 Frostick et al. (2011)
Australia (Koongarra)  Surface sediments within U mineral lease 1.51-1.8 2.52-2.63 Frostick et al. (2011)
Australia (Nabarlek) Soil scrapes from catchment 1.62-3.11 2.32-2.70 Frostick et al. (2011)
Australia Upstream sediment (depth < 0.3 m) 1.32 2.66 Munksgaard et al. (2003)
Australia Upstream sediment 1.25° 2.53P Munksgaard et al. (2003)
Australia Estuaire sediment 1.25° 2.53 Munksgaard et al. (2003)
China Surface sediment from the recipient stream of U mining waste 1.25-1.87 2.39-2.48 Liu et al. (2018)
China Sediments from the U mine downstream natural water reservoir 1.25-1.58 2.43-2.48 Liu et al. (2018)
China Surface sediments and soil near a uranium hydrometallurgical site ~ 1.218-1.669 - Wang et al. (2024)
Portugal Suspension particles around the tailing deposits 1.65 + 0.01 2.41 + 0.07 Santos and Tassinari (2012)
Portugal Colloidal phases in water cores 1.67 + 0.01 2.32 + 0.05 Santos and Tassinari (2012)
France Contaminated surface soil 1.520 + 0.001  2.462 + 0.003  Cuvier et al. (2016)
France Downstream river sediment 1.226 + 0.001 2.468 + 0.003 Cuvier et al. (2016)
France Downstream soils and sediments of the mine water outlet 1.27-10.73 1.12-2.45 Gourgiotis et al. (2020)
France Soil and sediments of downstream wetland 1.24-1.64 2.41-2.48 Martin et al. (2020) and Geng et al. (2024)
South Africa River sediments of the Wonderfonteinspruit 1.70-4.60 1.23-2.19 Coetzee and Rademeyer (2006)

2 The uncertainty is 2o.
b The mean value of 53 samples.

converged towards geological background values (~1.2) (Liu et al.,
2018). This trend underscores the potential dispersion of U and other
daughter nuclides via hydraulic transport. The presence of radiogenic
Pb signatures in samples collected from downstream wetlands of former
U mines (Gourgiotis et al., 2020; Martin et al., 2021; Cuvier et al.,
2016; Liu et al., 2018), as well as in groundwater (Vecchia et al., 2017),
suspension materials, and bioindicators (Bollhofer et al., 2006a) such
as mussels near former U mine areas, further supports the dispersion
of U-rich particles from tailing deposits downstream area via hydraulic
transport.

On the other hand, eolian transport has also been identified as a
significant mechanism for the dispersion of U-mining particles. Sur-
prisingly, the 20°Pb and 207Pb ratios of dust and leaves collected on
trees located up to 200 km away from the pit center reach values as
high as 8.5, which is comparable to the ratios observed in particles
from tailings dam water. However, a positive correlation between
the Pb fingerprint and the distance from the mine site still exists.
Seasonal variations in Pb isotopic composition have also been observed,
exhibiting a contrasting trend with rainfall patterns. This phenomenon
is attributed to the effective reduction in dust generation during the
wet season (Bollhofer et al., 2006a). These findings suggest that drier
and less regulated environments may facilitate the dispersion of U in
the form of aerosols over greater distances from the U mine area.

3.2. Assessing the U-mining impact: Quantification of radiogenic Pb

A three-isotope plot (2%6Pb, 207pb, 208pb) is commonly employed
to visually illustrate the sources contributing to the Pb isotopic com-
position of samples (Dang et al., 2018; Martin et al., 2020; Bollhofer
et al.,, 2006a; Bollhofer, 2012; Gourgiotis et al., 2020; Santos and
Tassinari, 2012; Frostick et al., 2008; Varga et al., 2009; Liu et al.,
2018; Cuvier et al., 2016). Typically, most studies have employed a
binary mixing model, assuming that the Pb in their environmental
samples is a mixture of two primary sources: (i) geogenic Pb derived
from the local geochemical background, and (ii) uranogenic Pb orig-
inating from U mining activities. These two sources are treated as
end-members, and the Pb isotopic ratios of the samples when plotted
on the three-isotope plot (2°°Pb/207Pb vs 208pb/207Pb), align along a
characteristic mixing line that illustrates the contributions of these two
end-members. As shown in Fig. 1, the Pb present in the tailings and
the U-contaminated soils and sediments is a mixture originating from

two primary sources: U-rich minerals such as pitchblende, and the local
geochemical background (PDAC). Other potential Pb sources, including
leaded gasoline and industrial emissions, do not align with them.

The binary model is also useful for quantifying the contribution of
U mining to environmental samples in the U-contaminated area, which
refers to the proportion of Pb originating from U mines in the total Pb
composition. The most commonly used equation for quantifying this
impact is as follows (Eq. (1)) (Bollhofer et al., 2006a; Bollhofer, 2012;
Frostick et al., 2008, 2011; Liu et al., 2018):

206 pp, 206 ppy

206 pp
(m)samples =f= (m)mine +(1=f)= (m)background 1

In most publications, the factor “f” is assumed to represent the
proportion of radiogenic Pb to the total Pb content in the samples. Boll-
hofer et al. (2006a) employed the mixing model, considering the global
aerosol Pb isotopic ratio (2°°Pb/207Pb = 1.15) as the background end
member and the filtered particles from the tailing dam (*°°Pb/207Pb =
9.69) of Ranger mine in Australia as the uranogenic Pb end member.
Using this approach, the contribution of the Ranger mine to the total Pb
content in airbone particles was estimated within the Jabiru East region
(2.5 km northwest of the mine), 13% respectively. This estimation
aligns with their previous study within the same U mining region,
which showed that uranogenic Pb input accounted for 10% of the Pb
in mussels (Bollhofer, 2012). Additionally, Cuvier et al. (2016) inferred
that approximately 26% of the Pb in U-contaminated soil originated
from U mining activities, specifically the Bertholéne mine in France.

However, it is crucial to delve deeper into the nuances of the
factor “f” calculated using Eq. (1). Conventional usage of this factor
defines it as the fraction of radiogenic 207Pb (not the total radiogenic
Pb) originating from the uranium mine relative to the total 207Pb
content (common and radiogenic Pb) in the samples. Indeed, while this
conventional interpretation is valid, it provides a somewhat limited
perspective that may lead to underestimating the true impact of U-
mining by up to 35% (Gourgiotis et al., 2020). This limitation arises
from the fact that this estimation considers only 2°7Pb. To obtain a
more accurate assessment, it is essential to account for all Pb isotopes.
This requires evaluating the abundance of total Pb (common and
radiogenic).

In response to this challenge, an alternative equation has been
proposed (Eq. (2)), which takes into account the isotopic abundance,
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Fig. 1. The binary mixing model with tailing samples (data from Santos and Tassinari (2012)); environmental soil and sediment samples contaminated by U-mining activities,
data from Geng et al. (2024), U mineral-pitchblende, and Pb sources including leaded gasoline emission, industrial aerosols (Monna et al., 1999).
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Fig. 2. Ternary mixing model for various Pb sources contribution to the total Pb concentration in mussels from Georgetown Creek (GTC), Magela Creek downstream (MCDS) and
Mudginberri Billabong (MBB), downstream of Ranger mine in Australia (Bollhofer, 2012). Samples from Mudginberri Billabon were collected in 2005 and 2008. The age of mussels

were also shown in this figure.

providing a more precise and robust assessment of the environmental
impact of U-mining (Gourgiotis et al., 2020).
Ab206

sample

_ 206 206
=k Abminc + A =k)* Abbackground

(2)

It has also been observed that when the sample point deviates from
this binary mixing line (Fig. 1), it indicates the influence of additional
Pb sources, such as potential industrial input or leaded gasoline, which
typically exhibit a low 2°6Pb/297Pb ratio. When a third Pb source comes
into play, a ternary mixing model becomes applicable. In such cases,
knowing the isotope ratios of the sources, the relative contributions
of each pair of sources need to be calculated. For example, Bollhofer
(2012) identified the impact of industrial emissions on young mussels
inhabiting Mudginberri Billabong, a channel billabong located 12 km
downstream from the Ranger U mine in Australia (Fig. 2).

It is important to note that the contribution of uranogenic Pb to en-
vironmental samples can be equal to that of U-mining input originating
from mining activities only when there is a simultaneous dispersion of
both U-Pb dispersions.

4. Analysis methods of Pb isotopes
4.1. Sample preparation

Studies in U-mining areas have investigated various samples such
as soils and sediments (Martin et al., 2020; Cuvier et al., 2016; Gour-
giotis et al., 2020), leaves (Bollhofer et al., 2006a), water (Vecchia
et al., 2017), mussels (Bollhofer, 2012), etc. Prior to analysis, sample
preparation is an essential procedure for reliable and precise measure-
ments. Various digestion and Pb extraction protocols have been em-
ployed, such as aqua regia digestion (Vecchia et al., 2017), HF/HNO5
mixture digestion (Santos and Tassinari, 2012), micro-oven digestion,
ethylenediaminetetraacetic acid (EDTA) extraction (Komarek et al.,
2006), and total digestion (using HF-HNO3;-HCI-HCIO,) (Komarek
et al., 2006), etc. The selection of the digestion/extraction method
for samples should not only align with the specific research objectives
but also take into account the physical and chemical properties of the
samples, especially for soil samples. Nearly no significant differences
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Table 6
The chemical separation protocol of Pb isotopes.
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Steps Manhes et al. Tanimizu and Millet (2007) Kuritani and Koide and

(1984) Ishikawa (2006) Nakamura (2002) Nakamura
(1990)

Sample mass (mg) 100 —(0.02-0.04 mg Pb) 500 - 100

Resin Merck AG 1X8 Bio-Rad AG 1-X8 AG 1X8 Bio-Rad AG-1X8 Biorad AG1-X8
70-150 mesh (200-400 mesh)

Resin volume (pL) 15 100 10 100 30

Pre-washing of column (mL) 0.5M HBr (1)/H,0 0.2M HCI (3 mL) 0.5M HON,4

(0.1)/0.5M HON,

(1)/H,0 (0.1)
Conditioning 0.5M HBr (0.1) -

Sample introduction (mL) - _

Matrix elution (mL) 0.5M HBr (2) Mixed acid of
0.25M HBr+0.5M
HON; (2.5)

Pb elution (mL) H,0 (0.5) H,0 (1)

(1.5)/H,0 (1.5)

0.8M HBr (0.5) 0.5M HBr (0.3)

12 1

0.8M HBr (0.5) Mixed acid of
0.25M HBr+0.5M

HON, (2.5)

0.5M HBr (0.3)

0.2M HCI (1) H,0 (1) H,0 (0.75)

in Pb isotopic composition were observed among different digestion
methods for surface soil samples containing high soil organic matter
content (Komaérek et al., 2006). However, for mineral horizons of this
soil samples, the total digested samples show the highest 206Pb/207pb
ratios while the EDTA extracts from mineral soil samples display the
lowest 200Pb/207pp ratios (Komérek et al., 2006). These differences
between digestion/extraction method can be attributed to the existence
of two different Pb pools: one weakly bound and another strongly
bound. In this case, using combination of total digestion methods and
extraction methods (targeting labile Pb fraction) seems optimal for
result interpretation (Komarek et al., 2008).

Considering the potential presence of common Pb in airborne dust,
and in experimental materials such as laboratory tubes, and reagents,
a pre-cleaning of all experimental materials is suggested. Moreover,
the use of ultrapure reagents, dedicated chemistry banks, and sample
preparation under a controlled laminar flow environment is highly
recommended in order to minimize external contamination and ensure
the accuracy of the measured Pb isotopic signature.

Additionally, Pb purification is essential to separate Pb isotopes
from matrix elements. This step holds particular significance due to
the potential influence of minor matrix elements, such as Zn or Cd,
which can adversely affect the ionization efficiency of analytical in-
struments (Woodhead et al., 1995). It is also crucial to minimize the
risk of spectral (polyatomic and isobaric) and nonspectral interference,
ensuring the accuracy of Pb isotopic analysis, particularly the main
isobaric interference of 2°4Hg on 204Pb.

The most widely employed methods of purifying Pb from a matrix
operate by passing the dissolved sample over an anion exchange resin
and two methods are mainly employed to elucidate Pb from resin: HBr-
HCI method and HBr-HNO5; method (Kamber and Gladu, 2009; Manhes
et al., 1984). The dilute HBr is employed to efficiently eliminate the
major element matrix from nearly all geological materials, except spha-
lerite ((Zn, Fe)S) while holding the Pb on the resin. The subsequent Pb
elution from resin involves the use of dilute HNO5 or HCl. A comparison
was carried out between these two methods, revealing that although
HNO; exhibited a slight advantage in terms of blank quality and yield,
the HCl method stands out in significantly superior matrix removal
capabilities (Kamber and Gladu, 2009). Detailed protocols employed
in previous Pb analyses are summarized in Table 6.

4.2. Mass spectrometry analysis

Recent progresses in analytical techniques have greatly facilitated
the use of Pb isotopes as geochemical tracers. Mass spectrometry is
an analytical technique that serves as a powerful tool for determining
Pb isotopic ratio. According to the ion source, two primary approaches

Table 7
Summary of analytical precision for Pb isotope determinations by different analytical
techniques (Bird, 2011).

Technique Relative Standard Deviation (RSD %)
TIMS 0.001-0.01

ICP-MS quadripole >0.1

HR/MS-ICP-MS <0.1

MC-ICP-MS <0.002-0.02

have been employed: thermal ionization mass spectrometry (TIMS) and
inductively coupled plasma mass spectrometry (ICP-MS).

TIMS was the only method to measure accurately Pb isotope ratios
before the invention of ICP-MS. It provided reliable measurements with
high precision and accuracy in environmental samples (Weiss et al.,
1999; Ghazi and Millette, 2005). The relative standard deviation (RSD)
ranges from 0.001% to 0.1% (Komérek et al., 2008; Bird, 2011; Cheng
and Hu, 2010).

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) has been
widely employed in recent years, marking a notable shift in deter-
mining Pb isotopic ratios in the field of geochemical studies. The
Pb isotope analysis by ICP-MS was first introduced in environmental
sciences in 1991 (Hopper et al.,, 1991). Compared to TIMS, ICP-MS
offers efficient ionization of almost all elements, rendering it partic-
ularly advantageous for elements that pose challenges in ionization
in TIMS (Albaréde and Beard, 2004). The higher processing speed
of the sample preparation process leads to a substantial reduction in
the time and effort required compared to traditional methods. This
technique also enables a higher sample throughput, allowing for more
efficient data collection and analysis (Quétel et al., 1997). However,
it is important to note that the precision and accuracy of the data
obtained using this method is limited, ranging from 0.05-0.5% Relative
Standard Deviation (RSD) (Komarek et al., 2008; Andrén et al., 2004).

To address this need for higher precision, advancements in mass
spectrometry technology have led to the development of
Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-
ICP-MS) and Magnetic Sector Inductively Coupled Plasma Mass Spec-
trometry (MS-ICP-MS). The precision has been significantly improved,
achieving >0.002% Relative Standard Deviation (RSD). Multi-collector
(MC-ICP-MS) and Magnetic Sector (MS-ICP-MS) were invented later
to increase the performance of precision (>0.002%RSD). Nowadays,
a great variety of ICP-based mass spectrometers are commercially
available, including quadrupole-based (ICP-QMS), MC-ICP-MS, and
High Resolution/MS-ICP-MS. The precision of their measurements is
summarized in Table 7.

In the context of research aimed at tracing and assessing impacts
of U-mining contamination, maintaining a measurement precision of
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less than 0.1% for 206Pb/297Pb and 208Pb/297Pb ratios are generally
adequate for differentiating U-rich materials mixed with materials from
the geochemical background.

To obtain accurate and precise measurements, it is also necessary to
correct the instrumental mass discrimination, using a mass discrimina-
tion factor K. Either external or internal calibration could be adopted
as a correction method. The external calibration involves additional
measurements of an isotopic Pb standard such as NIST SRM981 (or
NIST SRM983), where the Pb isotopic ratios and the composition of the
standard analyte are precisely known. On the other hand, internal cali-
bration involves adding a standard to the sample solutions, such as the
determination of the 293T1/205T] ratio (NIST 997—Isotopic Standard for
Thallium), followed by subsequent calculation of the mass discrimina-
tion factor (Woodhead et al., 1995; Thirlwall, 2000). Concerning the
spectral interference in Pb isotopic analysis, it originates mainly from
isobaric elements 24Hg. To mitigate this interference, the isotope ratio
202Hg/204Hg or 201Hg/20*Hg serves as a method to compensate for the
impact of 204Hg on the 294Pb (Ghazi and Millette, 2005; Hamelin et al.,
1985).

5. Conclusion

This review summarized articles published on the identification of
U mining contamination downstream of former U mines by using Pb
stable isotopes. Even though environmental concerns such as wastew-
ater treatment plants have been integrated into the management plans
of most U-mine sites by the operators, in certain cases, mining activities
have resulted in the dispersion of radioactive materials. These con-
taminants, along with associated heavy metals, are dispersed through
hydraulic and eolian transport in both dissolved and particulate forms.
Pb isotopic fingerprinting has been demonstrated as a powerful tool to
accurately identify and quantify the environmental impacts of U mining
activities. The uranogenic Pb enabling the differentiation of U mining
sources from natural and other anthropogenic Pb sources. The success-
ful application of this technique necessitates the characterization of
potential Pb sources (endmembers), including U ores and natural Pb,
and the clear differentiation of Pb isotopic compositions between these
sources. The importance of a profound understanding of the mixing
models they express and the choice of isotope ratio versus isotope
abundances was also presented. Furthermore, the preparation and anal-
ysis of Pb isotope samples are crucial, involving digestion/extraction
and measurements using ICP-MS. The combination of digestion and
extraction methods can be used to understand the obtained results of
Pb isotopic ratios, and accurate correction of the raw ICP-MS data is
essential to ensure reliable results.
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