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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• U-Pb isotopic tracing efficiently identi-
fied U-mining input in the environment. 

• Pitchblende and torbernite exhibit high 
radiogenic Pb signature. 

• Parsonsite lacks radiogenic Pb signature 
due to its high natural Pb content. 

• SIMS analysis confirm the presence of 
pitchblende and neoformed U-bearing 
phases. 

• U-series disequilibrium highlights U and 
Ra mobilities in the wetland.  
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A B S T R A C T   

High U concentrations (reaching up to 14,850 mg ⋅ kg− 1), were determined in soils and sediments of a wetland 
downstream of a former U mine in France. This study aims to identify the origin of radioactive contaminants in 
the wetland by employing Pb isotope fingerprinting, (234U/238U) disequilibrium, SEM, and SIMS observations. 
Additionally, information about U and 226Ra transport processes was studied using U-238 series disequilibrium. 
The results of Pb fingerprinting highlighted inherited material inputs of different U-mines with mainly two types 
of U-ores: i) pitchblende (UO2), and ii) parsonsite (Pb2(UO2)(PO4)2). Moreover, significant disequilibrium of 
(230Th/238U) and (226Ra/230Th) activity ratios highlighted the mobility of 238U and 226Ra in the wetland, pri-
marily driven by the water table fluctuations. Finally, this work uncovered a limitation of Pb isotope finger-
printing in the case of parsonsite materials, as the high natural Pb content of this mineral may hide the 
uranogenic Pb signature in the samples.  
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1. Introduction 

The expansion of global U mining industry since the early twentieth 
century, driven by the increasing demand for the nuclear industry, has 
resulted in U contamination downstream of mining sites, particularly 
wetlands [1-7]. For instance, the average U concentration of upper 
continental crust is around 2.8 mg ⋅ kg− 1 [8]. The wetland adjacent to 
former U mine tailings in Germany exhibited an accumulation of 7500 
mg ⋅ kg− 1 U [5], and higher U levels of up to 14,000 mg ⋅ kg− 1 were also 
observed in a wetland downstream of a former U mine in France 
(Limousin region) [7]. Natural accumulation of U in mountainous re-
gions due to weathering and erosion of uraniferous rocks, such as 
granites (U concentration: 2.2–6.1 mg ⋅ kg− 1), can also lead to compa-
rable levels of U to that of mining contamination [9-12]. The natural U 
accumulation in wetland reached up to 10,000 mg ⋅ kg− 1 in organic-rich 
wetlands in USA [13]. Identifying the potential sources of radioactive 
contamination offers vital insights for the decision-making process, 
effective management, and remediation of contaminated soils and/or 
sediments. 

Pb source identification has also been employed as an effective tool 
for tracing the impact of U mining activities in the environment for 
decades [14,15,1,2,4,16]. This is based on the Pb isotopic composition 
contrast between U-ores and natural Pb sources. Natural Pb in the 
Earth’s crust comprises 204Pb (1.1 %), 206Pb (25.4 %), 207Pb (21.1 %), 
and the most abundant isotope 208Pb (52.4 %), due to the higher con-
centration of 232Th in the bedrock compared to that of U. Among them, 
206Pb, 207Pb, and 208Pb are final decay products of 238U, 235U, and 232Th. 
In U-ores, the high U and low Th content lead to the high production of 
radiogenic Pb, notably 206Pb and 207Pb compared to that of 208Pb [16, 
17]. Hereafter, the term radiogenic refers to Pb produced by the U-decay 
in U-ores. Tailings and materials contaminated by U-mining activities 
including soils, sediments, groundwater, and mussels, inherit the Pb 
isotopic signature of U-ores exhibiting higher 206, 207Pb/ 208Pb ratios 
compared to natural materials [14,18,19,2]. As a result, environmental 
samples affected by uranium mining activities exhibit elevated Pb 
radiogenic isotope signatures, significantly differing from those found in 
environmental analyses focused on identifying sources of heavy metal 
pollutants [20,21]. 

Wetlands could also act as secondary U sources which release U and 
its decay products to surroundings. Hence, their mobility has also been 
studied to predict their future fate and environmental impacts [22-24]. 
Recent mobility tracing of U and Ra has relied on activity ratios of ra-
dionuclides in 238U decay series, particularly (230Th/238U), 
(226Ra/230Th), and (234U/238U). When these activity ratios are equal to 
1, this means that 238U decay nuclides are in a secular equilibrium over a 
period exceeding 6 half-lives of the shorter-lived nuclide. However, the 
different physicochemical properties between radionuclides, and the 
alpha recoil effect can lead to the radioactive disequilibrium. As 230Th 
exhibits low mobility [25,26], the deviation of (230Th/238U) and 
(226Ra/230Th) underlines a gain or loss of 238U and 226Ra. Additionally, 
the disequilibrium of (234U/238U) activity ratios reflect the fluid-rock 
interaction due to the alpha recoil effect, which plays a fundamental 
role in the fractionation of radionuclides. During α decay from 238U, the 
daughter nuclide 234Th is generated and forced in the opposite direction 
of the α particle ones, leaving the host U-containing mineral. Oxygen 
atoms are also accumulated in front of 234Th and then lead to a subse-
quent oxidation of 238U(IV) to 234U(VI). This oxidation process promotes 
the preferential release of the 234U into the solution [27] and thereby a 
disequilibrium of (234U/238U) activity ratio in sediments [28-30]. Recent 
works have demonstrated that this process, before U-ore extraction, 
during the contact of U-ore with gangue mineral phases, can lead to high 
(234U/238U) activity ratios in the U-tailing materials [31–33]. This 

specific ratio can be combined with stable lead isotopes to highlight 
tailing material dissemination in the environment [34]. 

This study is focused on the source tracing of historical radioactive 
contamination in the context of a U-contaminated wetland located in the 
vicinity of the former U mine at Rophin in France. This site, which is part 
of the research program of the Zone Atelier Territoire Uranifère (ZATU), 
has a complex U mining history with a mixed presence of various U-ores 
[4] and serves as an experimental U-contaminated wetland in France, 
dedicated to multifaceted investigations regarding the environmental 
impacts of irradiation [35-37,4]. Building on previous research [4], the 
first objective of this study is to precisely identify the different sources 
responsible for the radioactive contamination, correlating with the 
distinct mining phases in the site’s history. The second objective of this 
study is to have a deeper qualitative comprehension of the radionuclide 
mobility in the wetland, notably U and Ra. A variety of geochemical 
approaches, including Pb isotopic tracing, radioactive disequilibrium of 
238U, and SEM and SIMS observations were employed to answer these 
questions. 

2. Methods and materials 

2.1. Study site and mining history 

The former U mine of Rophin is situated in the Massif Central (Puy- 
de-Dôme, France) (Fig. 1a, b). It was in operation from 1949 to 1952 as 
part of the Western Lachaux ores [35,36,4]. The ore bodies of western 
Lachaux sector are hosted by the by coarse-grained peraluminous 
granite of the alkaline type. The main U veins, extending to Etang de 
Reliez, Reliez, Gagnol and Bancherelle, are charaterized by large-crystal 
smoky quartz. The dominated U mineral here is parsonsite (Pb2(UO2) 
(PO4)2), with less torbernite (Cu(UO2)2(PO4)2) and autunite (Ca 
(UO2)2(PO4)2). Other accessory minerals include pyromorphite 
Pb5(PO4)3Cl, galena (PbS) [35,38]. 

A mechanical ore-washing plant was constructed on-site for pro-
cessing U-ores of Rophin in 1948. Wastewater was discharged into ba-
sins and then directed to an effluent that flows into the stream ‘Le 
Gourgeat’ [4] (Fig. 1b). An experimental chemical extraction with 
pressurized Na2CO3 was initially processed on a batch of 90 tons of ore 
(pitchblende (UO2)) originating from Bois Noirs in 1950, another U 
mine located approximately 20 kilometers east of the Lachaux region 
[39,35,4]. Since the extraction performance was inadequate, this pro-
cedure was abandoned and replaced with mechanical processing 
involving crushing, grinding, and washing. 

Currently, over 30,000 tons of mining and U mill tailings are stored 
at the Rophin site, which is designated as Registered environmental 
facility (ICPE: Installation classée pour la protection de l′environnement) 
(Fig. 1b). The wetland, located at the confluence of the ICPE drainage 
stream and the Gourgeat, is seasonally flooded and characterized by the 
highest recorded dose rate, which can reach levels of up to 2,000 nSv ⋅ h- 

1. 

2.2. Samples collection and preparation 

Three U-ore samples were collected close to Rophin and Etang de 
Reliez (Fig. 1a): parsonsite (Pb2(UO2)(PO4)2), torbernite (Cu 
(UO2)2(PO4)2), and pitchblende ( UO2) (Fig. SI-1). It is worthy noted that 
pitchblende is not the local mineralisation of Rophin. This mineral, 
originated from Bois Noirs, can be found at Rophin site due to its 
chemical processing in 1950s (see section 2.1). 

According to dose rate variations in the area, soil cores were sampled 
from sites exhibiting anomalies in dose rate, as well as from areas where 
the dose rate aligned with the local background (Fig. 1b). A Russian 
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corer (Eijkelkamp®) of 100 cm length and 5 cm diameter was used for 
sampling in October 2021. 

Soil core C4 was collected from the banks of a trench that was not 
affected by mine drainage. All the other soil cores were sampled up-
stream, downstream and within the wetland (Fig. 1b). Subsamples were 

collected at different depths and preserved in 50 mL Falcon tubes. Once 
back in the laboratory, these samples were frozen in the freezer at -20 ∘C. 
Then, these samples were manually crushed in an agate mortar and 
pestle after 24–48 h of drying in a laboratory oven set to 100∘C for 
chemical analysis. 

Fig. 1. (a) The former U mine sites of Lachaux: Gagnol, Rophin, Etang de Reliez, Bancherelle, Reliez, and Bois Noir Limouzat. (b) Downstream overview of the former 
U mine site-Rophin (ICPE nowadays) and sampling sites. 
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2.3. Core description 

Four distinct soil layers were identified: a surface organic-rich layer 
(L1), an underlying orange sandy layer (L2), a whitish clayey layer (L3), 
and a paleosol layer (L4). The organic carbon content (Corg), water 
content, and a brief description of each layer are summarized in 
Table SI-1. The surface layer (L1) primarily consists of leaf litter, roots, 
and humus. This layer is characterized by a high Corg content (11–31 %) 
and a significant water content (68–83 %). The orange sandy layer (L2), 
located beneath L1, exhibits a sandy/silt texture and the lowest water 
content (14–48 %) and Corg (0.1–1.8 %). The whitish clayey layer (L3) 
contained 21–76 % water and 0.1–14 % Corg contents. This layer was 
suggested to be closely associated with the discharge of former U pro-
cessing waters [4,40]. Lastly, the paleosol layer L4, situated at the 
deepest level within the profiles, consists of small fragmented bedrocks 
and roots. It has a higher Corg content than L2 and L3 (1–15 %) while its 
water content is similar to that of L3 (Fig. 2). 

These soil cores visually showed a spatial heterogeneity as the depth 
and the thicknesses of soil layers vary across cores. It is worth noting that 
the distribution of L2 and L3 layers is particularly heterogeneous 

(Fig. SI-2). 

2.4. Elemental, Pb isotopes, and U-Th analysis 

About 50 mg of solid samples were dissolved in a mixed concen-
trated acid of 1 mL HF (47–51 %, VWR ultrapure®) and 1 mL HNO3 
(67%, VWR ultrapure®) in Savillex® PFA vials for digestion into solu-
tion. The mixture was then evaporated to dryness. To dissolve the 
fluoride residue, ten drops of HClO4 (~ 300 μL) were added, and the 
mixture was evaporated to dry at 160 ◦C [34,2,41-43]. The dry residue 
was dissolved in 5 mL of 3 mol ⋅ L− 1 HNO3. This solution was used for 
elemental, Pb isotopes and U-Th analysis. More details about the 
analytical protocols can be found in the Supplementary Information. 

2.5. Gamma spectrometry analysis 

The radiometric analyses of 238U, 226Ra, and 230Th were performed 
using gamma spectrometry equipped with an HPGe well-type detector 
(GWL-220–15, ORTEC®) at the LUTECE platform (IRSN). The counting 
times were 24–48 h. About 1–2 g samples were sealed with 0.5 cm width 

Fig. 2. A typical soil core C5 (left), sampled within the wetland, downstream of the former Rophin site (ICPE) and an illustration profile (right) of the main soil layers 
and observed in these cores, with depth of samples. 
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of Parafilm® and 0.5 cm width of a non-radioactive resin for poly-
ethylene materials in air-tight 5 mL plastic geometries, preventing the 
loss of 222Rn. The determination of 238U, 226Ra, and 230Th was per-
formed respectively according to the gamma ray peaks of 234Th 
(63.29 keV), 214Pb (295.22 and 351.93 keV), and 230Th (67.67 keV). A 
secular equilibrium after 3 weeks was obtained between 226Ra and its 
daughter isotopes 214Pb and 214Bi. The gamma detector was calibrated 
using international IAEA standards (IAEA-RGU1, IAEA-RGTh1). The 
detailed measurement procedures were reported in previous studies [34, 
3,44]. Gamma quality control was performed using in-house standards 
of IRSN (with sediment and soil matrix). 

2.6. SEM analysis 

The identification of Pb and U-bearing phases within selected soil 
samples was performed using a Scanning Electron Microscope (SEM), 
specifically the Hitachi S3500N, coupled to two Brücker 5030 Flash 
Silicon Drift Detectors (SDD) at the LUTECE platform (IRSN). Sample 
preparation involved the following steps: the soil samples were first 
embedded in resin (Epoxy, Struers) to stabilize the structure, then pol-
ished to achieve a smooth surface suitable for analysis. Subsequently, 
the samples were coated with a thin carbon layer to prevent charging 
effects that could interfere with the electron imaging process. 

SEM observations were carried out using both Secondary Electron 
(SE) and Back Scattered Electron (BSE) detectors, operating at an 
accelerating voltage ranging from 15 to 25 keV. The chemical compo-
sition of the samples was analyzed using Energy Dispersive X-ray 
Spectroscopy (EDS). This technique allows for precise determination of 
the distribution and quantification of elements within the analyzed 
phases. 

2.7. SIMS imaging 

The secondary Ion Mass Spectrometers (SIMS) were used to accu-

rately localized the radiogenic Pb within U-bearing particles at the grain 
scale. The analysis were carried out using a CAMECA IMS 7 F-E7 in-
strument. The carbon-coated sample (C5, 8.5–9.8 cm), prepared for SEM 
analysis, was directly introduced into the analysis chamber of the in-
strument under a pressure condition of 1.9 × 10− 9 mbar. The analysis 
used a 5 nA, 15 kV 2

+O+
2 primary ion beam directed onto an area of 

approximately 1 cm, scanning the region of interest with a 250 μm 
× 250 μm raster. Positively charged secondary ions or molecules 
generated were subsequently accelerated at 10 kV into the mass spec-
trometer. Measurements were performed with a mass resolution of 400 
through ion counting in mono-collection mode, resulting in the 
sequential production of an image with a lateral resolution of around 
1.5 μm. Before each analysis, a 2-minute pre-sputtering step was per-
formed using a 500 nA primary ion beam. This process serves to elimi-
nate the carbon layer on the sample surface, ensuring the primary ion 
beam reaches the sample surface and renders it conductive. This con-
ductivity enables the emission of secondary ions during the subsequent 
analysis. The analysis includes 500 integration cycles, each lasting 10 s 
for 206Pb+, 207Pb+, 208Pb+, and 238U16O+, and 1 s for 63Cu+ and 28Si+. 
To calibrate the mass of the instrument, a Pb-rich metal plate with a 
common Pb isotopic signature was employed for Pb and torbernite was 
used for Cu. 

3. Results and discussion 

3.1. U, Pb, 232Th concentrations and 230Th, 226Ra activities in the 
wetland 

The patterns of U, Pb, 232Th, 226Ra, and 230Th levels across different 
soil layers are illustrated in Fig. 3. Notably, 232Th concentration remains 
stable throughout the soil profile (11–33 mg ⋅ kg− 1), while the concen-
trations of other radionuclides show important variations. The detailed 
data is provided in Table SI-2, SI-3, SI-4, SI-5, SI-6, SI-7. 

Considered as the local geochemical background, the paleosol layer 

Fig. 3. Box-plots illustrating the distribution of (a) Corg, (b) U, (c) Pb, (d) 232Th contents, as well as (e) 230Th and (f) 226Ra activities across soil layers (L1-L4). L1: 
samples collected in soil core C1, C5, C9, C12; L2: samples from core C1, C5, C6, C10; L3: samples from core C1, C3, C5, C6, C10, Criv; L4: samples collected from core 
C1, C3, C4, C5. 
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(L4) reveals an average U concentration of 35 mg ⋅ kg− 1 and Pb con-
centration of 141 mg ⋅ kg− 1. Additionally, 226Ra activity averages 
266 Bq ⋅ kg− 1 , while that of 230Th remain below 276 Bq ⋅ kg− 1. 

By comparing with the local geochemical reference L4, the layers L3, 
L2, and L1 exhibit higher U, Pb, 226Ra and 230Th levels. For the layer L3, 
this layer exhibits significantly elevated U and Pb concentrations, with 
median values of 621 mg ⋅ kg− 1 and 4,492 mg ⋅ kg− 1. The activity levels 
of 226Ra and 230Th are also high, with median values of 11,701 Bq ⋅ kg− 1 

and 5,483 Bq ⋅ kg− 1. In contrast to L3, U and Pb concentrations signif-
icantly drop in layer L2, falling to 285 mg ⋅ kg− 1 and 240 mg ⋅ kg− 1. 
However, the 226Ra and 230Th activities remain at high levels (median: 
7,797 Bq ⋅ kg− 1 for 226Ra and 10,588 Bq ⋅ kg− 1 for 230Th, respectively). 
This probably suggests a loss of U in this layer while its decay products 
226Ra and 230Th, which are less mobile than U, remain relatively 
concentrated. The mobility of these radionuclides will be detailed in 
section 3.3. Layer L1 stands out prominently due to its notably high 
median concentrations of U (1,159 mg ⋅ kg− 1) and Pb (921 mg ⋅ kg− 1), as 
well as the median radioactivity for 226Ra (10,261 Bq ⋅ kg− 1) and 230Th 
(6,404 Bq ⋅ kg− 1). Furthermore, a noteworthy extreme local accumula-
tion is observed in core C5, where U concentration reaches up to 
14,850 mg ⋅ kg− 1, Pb up to 8,310 mg ⋅ kg− 1, and 226Ra up to 35,368 Bq ⋅ 
kg− 1. The 230Th activity in this layer of C5 is also high, up to 21,724 Bq ⋅ 
kg− 1. Comparable elevated levels (14,000 mg⋅kg− 1 of U, 29,550 Bq ⋅ 

kg− 1 of 226Ra, and 37,633 Bq ⋅ kg− 1 of 230Th) were already reported in 
organic layer of U-contaminated wetlands downstream of former U mine 
sites in France [7]. The presence of substantial organic matter in layer L1 
is likely responsible for these observations, as these elements are known 
to have a strong affinity for organic matter, leading to their retention 
within it [25,36,45]. 

3.2. Identification of the U sources in the downstream wetland 

3.2.1. Potential U sources at Rophin 
The chemical composition analyses of three U-rich ore samples are 

displayed in Fig. 4 along with their SEM images.  

- The U-ore sample of Etang de Reliez contains mainly Pb (37 %), P 
(31 %), and U (18 %) (Fig. 4a). The atomic content is consistent with 
the chemical composition of Rophin parsonsite Pb2(UO2)(PO4)2 
determined previously by Branche et al. [46].  

- The U-ore sample from a quartz vein at Rophin, contains mostly U 
(28 %), P (23 %), Si (19 %), Al (14 %), Cu (13%), and Fe (2.5 %) 
(Fig. 4b). Based on its atomic ratios of U/Cu (2.15), U/P (1.22), and 
P/Cu (1.77), U-rich minerals were suggested to be torbernite Cu 
(UO2)2(PO4)2. 

Fig. 4. The SEM-EDX observations and the atomic percentage of elements presented in (a) parsonsite, (b) torbernite, and (c) pitchblende/coffinite.  
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- The U-ore sample collected at the dump of Rophin consists of U 
(50 %), Si (37 %), along with Ca (12 %), As (1 %). This suggests that 
this U-ore is probably pitchblende (UO2) or coffinite (USiO4). As the 
Rophin site lacks pitchblende/coffinite, and according to the mining 
history, this U-ore probably originated from the Bois Noirs. 

3.2.2. Discriminating U sources in the wetland 

3.2.2.1. Endmembers. Soils and sediments impacted by U-mine dis-
charges normally show higher ratios of 206Pb/207Pb (ex. 1.21–8.92), and 
lower ratios of 208Pb/207Pb (ex. 0.26–2.49) compared to the bedrocks 
[14,47,48]. This feature enables the discrimination between natural and 
U-mining inputs. 

A binary mixing model, involving U sources (U-ores) and natural 
sources (local background) as two endmembers, allows highlighting the 
U-sources of soils and sediments in the wetland. This model is repre-
sented in the three-isotope Pb diagram (Fig. 5). The U-ore exhibits 
radiogenic Pb signature, as confirmed by our observations of torbernite 
(206Pb/207Pb ~ 3.65) and pitchblende (206Pb/207Pb ~ 9.60) while the 
natural source shows natural Pb isotopic signature (206Pb/207Pb ~ 1.2). 
As can be seen in Fig. 5, Pb isotope ratios fit in the area representing the 
U-ore deposits in France (dating between 40–300 Ma) [49]. The 
206Pb/207Pb ratios of these endmembers (pure radiogenic Pb) range 
from 19.11 to 21.36 and 208Pb/207Pb ratio is close to zero (low Th 
content of U-ores). The alignments of the soil and sediment samples 
confirm the presence of the U-mining inputs in the wetland and support 
the three U-ore sources (parsonsite, torbernite and pitchblende). Sam-
ples showing radiogenic Pb signatures(typically samples of layer L2), 
highlight the input of U related to pitchblende or/and torbernite. Other 
samples with an non-radiogenic Pb signature, could either be impacted 
by former U mining discharges related to the treatment of parsonsite 
ores or natural Pb input such as Pb-rich mineral. 

In fact, a common Pb isotopic signature (Pb from local geological 
background) is observed in the parsonsite. This can be elucidated by the 
high Pb content from local geological background (LGB) that has been 
present since its formation ([Pb] ~ 2 x[U] ). As shown in Fig. 6, the 
radiogenic Pb quantity generated in parsonsite from U-deacay, is 
insufficient to significantly change its inherent LGB isotope signature, 
for ages < 30 Ma. With the increase of parsonsite ages, the radiogenic Pb 
signature becomes more pronounced. This implies a relatively young 
age for the parsonsite at Rophin (< 30 Ma). Furthermore, this obser-
vation underscores the challenge in tracing U-mining sources via Pb 
isotopes when mixed with high Pb content from LGB. It also implies that 

soils and sediment samples displaying nonradiogenic Pb signature (e.g. 
layer L3) can be either impacted by former U mining discharges related 
to the parsonsite mining and milling activities. 

The Pb isotopic signature and the observed radionuclide contents are 
consistent within a soil layer across varying depths and different soil 
cores. Thus, the subsequent analysis directly focuses on the most 
representative soil core C5, located at the center of the wetland. 

3.2.2.2. Paleosol layer (L4). Paleosol, characterized by a natural Pb 
isotopic signature (206Pb/207Pb = 1.19–1.23), is considered as the local 
geochemical background. This ratio aligns with PDAC (Present Day 
Average Crustal), with 206Pb/207Pb = 1.2, respectively [51]. 

3.2.2.3. Whitish clayey layer (L3). In contrast to layer L2, the whitish 
clayey layer (L3) exhibits 206Pb/207Pb ratios ranging from 1.18 to 1.23, 
corresponding to values between the endmember parsonsite ratio (1.19) 
and the local background ratio (1.23) (Fig. 4b). Even if the Pb isotope 

Fig. 5. Pb three-isotope diagram illustrating 206Pb/207Pb vs 208Pb/207Pb, and a detailed zoom-in on the different soil layers (L1, L2, L3, L4) of sampled soil cores and 
U-ore samples. Data are available in Table SI-5, SI-6 and SI-7. In both sections of the diagram, the dotted lines represent the Pb isotopic composition of U deposits that 
formed within the specific geological time frame of 40 to 300 million years ago (Ma), corresponding to the age range of U-ore deposits in France. When error bars are 
not visible, they are included within the data points. All uncertainties are expressed with a coverage factor of k=2. 

Fig. 6. Model showing the temporal evolution of 206Pb/207Pb ratio in parson-
site as a function of time for a system with U and Pb content close to parsonsite 
stoichiometry at t = 0 ([Pb] = 2[U]). The model was run from 0 to 500 Ma, 
which largely covers the age of the Rophin mine (French mineralization events 
from 40–300 Ma [49]). The calculation is based on the equations of 
Holmes-Houtermans System [50]. 
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ratio could not be used to distinguish parsonsite from the local back-
ground, high Pb and U concentrations suggested the presence of a 
mixture containing both. The predominant Pb source between them 
would control the Pb isotopic signature of this layer. It is highly possible 
that parsonsite serves as the primary U source, assigned to the mine 
discharge that occurred during the 1950s, involving the mechanical 
processing of Rophin and Etang de Reliez parsonsite-rich ores. This 
assumption is consistent with the previous study of Martin et al. [4], 
which employed 14C and 137Cs dating methods. The poor efficiency of U 
milling during this period further reinforces the identification of par-
sonsite within this layer, as confirmed by SEM analysis (Fig. 7a). Besides, 
the presence of other minerals inherited from U mineralization, such as 
pyromorphite (Fig. 7b) which is present at Rophin, provides additional 
support for our hypothesis. 

3.2.2.4. Orange sandy layer (L2). The layer L2 exhibits higher 
206Pb/207Pb ratios (206Pb/207Pb = 1.27–1.47) and lower 208Pb/207Pb 
ratios (208Pb/207Pb = 2.44–2.46) than the local geochemical back-
ground (206Pb/207Pb = 1.22, 208Pb/207Pb = 2.47) (Fig. 5b). Similar 
206Pb/207Pb ratios were found in surface sediments of drainage channels 
and natural water reservoirs downstream of the former U mine in China 
(1.25–1.87) [52], the Bertholène mine (1.445–1.547) in France [1], and 
the Ranger mine area in Australia (1.51–1.80) [53]. Additionally, higher 
206Pb/207Pb ratios were determined in wetland soils collected down-
stream of the former mining site of Ty-Gallen in France (up to 10.73) [2], 
as well as in filtered particles of aerosol particles (1.58–4.00), water 
(1.18–3.08), and mussels (1.26–2.20) in the U mine area [14-16]. The 
radiogenic Pb signature observed in layer L2 strongly implies that this 
layer contains deposits resulting from U mining discharges. Notably, the 
pitchblende and torbernite, both exhibiting radiogenic Pb signatures, 
further indicate that these minerals may have served as primary sources 
of U in this layer. 

However, Pb isotopic composition cannot uniquely differentiate the 
source of U, i.e.,whether it is torbernite of Rophin or the pitchblende of 
Bois Noirs. To address this limitation, we used 206Pb/207Pb and 
(234U/238U) ratios to distinguish the input from the chemical processing 
of U-ores (pitchblende), as proposed by [34] and depicted in Fig. 8a. The 
(234U/238U) activity ratios of this layer exhibit a slight disequilibrium 
ranging from 0.999–1.083. Given the mine site history, it was known 
that U-ores from Bois Noirs were chemically processed at Rophin. 
Therefore, the radioactive disequilibrium and the radiogenic Pb signa-
ture observed in layer L2 serve as evidence of wastewater discharges 
from the chemical processing of pitchblende derived from the Bois Noirs 
deposit. Additionally, the layer L2 exhibits a disequilibrium of 
(230Th/238U) activity ratio ranging from 1.44 to 4.4, likely attributable 
to the 238U extraction during the chemical processing with Na2CO3 salts. 
This is consistent with our assumption and supported by investigations 
of (230Th/238U) activity ratio in U-mill tailings worldwide: (230Th/238U) 
activity ratios ranging from 6.6 to 65 have been observed in Gabon and 
France, and ratios ranging from 2.5 to 10 have been reported in 
Australia [34,54] (Fig. 8a). 

The weight ratio of [Cu]/[U], as illustrated in Fig. 8c, is also a helpful 
tracer in identifying potential Cu input associated with the presence of 
torbernite. However, the potential presence of Cu deposits at Rophin 
limits the use of this diagram: in fact, [Cu]/[U] ratios are higher than 
torbernite’s stoichiometry, indicating the presence of secondary Cu 
mineral phases. An example observed by SEM was presented in 
Figure SI-4. 

Various U-bearing phases were identified through SEM and SIMS 
observations. In Fig. 9 (Area 1), Pb-rich U-bearing phases having a 
common Pb isotopic signature (Pb from LGB) are shown. The presence of 
another U-rich particle containing high radiogenic Pb level 
(206Pb/208Pb~9.15), without Cu, confirms the presence of pitchblende 
from Bois Noirs in this layer (Fig. 9, Area 2). This mixing can explain the 
lower radiogenic Pb signature identified in this layer in sample bulk 
analysis compared to the reported values for U-ore/U tailing samples 
[34,55,16]. Other U-bearing phases such as U-phosphates and Fe-oxides 
were also observed (Fig. SI-4). These findings are particularly note-
worthy as these minerals were also identified in clayed and silty-sand U 
mill tailings stored underwater at the site of Bois Noirs [22]. 

3.2.2.5. Surface layer (L1). The surface layer exhibits a slightly radio-
genic Pb isotopic signature (206Pb/207Pb: 1.27–1.33). This variation 
indicates the presence of a mining input in the surface layer. However, 
the origin of this input remains uncertain, as it could be attributed to 
either the wetland still receiving U (dissolved and particulate phases) 
from water in the watershed impacted by former U-mining activities 
[56], or it may be linked to seasonal fluctuations in the water table, 
resulting in the remobilization of U from the underlying layer to the 
surface [4,40]. Recent research suggests that the stream ‘Gourgeat’ 
continues to receive U releases from the ICPE of Rophin and transport 
the U in the form of colloids including organic matter and Fe oxides [36, 
56]. Such an accumulation mechanism in the wetland has also been 
similarly described for other U-mining contaminated sites [3,57]. On the 
other hand, the remobilization of U with water table has also been re-
ported [6], and we will detail it in the section 3.3. 

3.3. The mobility of 238U, 226Ra in the profile 

Considering the relatively low solubility of Th compared to Ra and U, 
the activity ratios of (230Th/238U) and (226Ra/230Th) shed light on the 
mobility of 238U and 226Ra within the weathering profile [25,58,9]. The 
data is detailed in the Tab. SI-8, SI-9, SI-10. Fig. 8b illustrates these 
activity ratios for investigated soil and sediment samples. In both un-
weathered primary ore and particles, the (230Th/238U) and 
(226Ra/230Th) activity ratios are typically close to secular equilibrium, 
suggesting that the decay products of the 238U chain, including 230Th 
and 226Ra, are not influenced by migration processes [25]. Any de-
viations from secular equilibrium reflect U and Ra loss or gain in dis-
solved forms. Such fluctuations are intricately linked to the geochemical 
processes that govern the dispersion of U and its decay products. These 
complex processes include the dissolution of primary U-ore minerals, 

Fig. 7. SEM-SE/BSE characterization of U-bearing phases in the whitish layer L3 of core C5 (30–33 cm): (a) Parsonsite (PRS), (b) Pyromorphite (PRM).  
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adsorption, complexation onto minerals, organic matter, and colloids, or 
even coprecipitation with them [25]. The understanding of these de-
viations and the underlying mechanisms provides essential insights into 
the mobility and behavior of radionuclides in the environment, with 
implications for both monitoring and remediation strategies in areas 
affected by U-mining. 

3.3.1. Whitish clayey layer (L3) 
The whitish clayey layer (L3) displays (230Th/238U) activity ratios 

below 1 (ranging from 0.2 to 0.95) and (226Ra/230Th) activity ratios 
above 1 (ranging from 1.02 to 4.40) (Fig. 6b). This indicates an excess of 
238U and 226Ra in this layer. Two transport processes may explain this 
phenomenon: i) there may have been an input of soluble U and Ra 
during the mining period or post-deposit, and they were subsequently 
trapped within this layer and/or ii) redistribution of U/Ra via seasonal 
fluctuations in the water table.Mobilized U and Ra were accumulated in 
this layer. The data of other upper layers of L2 and L1 could further 
highlight the radionuclides mobility in the profile. 

3.3.2. Orange sandy layer (L2) 
Our study unveils a significant disequilibrium in the natural 238U- 

decay series chain within the orange sandy layer (L2) of all soil cores 
(Fig. 6b). This disequilibrium, characterized by (230Th/238U) activity 
ratios exceeding 1,could be attributed to three main factors: (i) it could 
be a consequence of historical U milling activities, wherein 238U was 

extracted, consequently resulting in a deficiency of 238U and the 
consequent disequilibrium in the tailings, (ii) the dissolution of U during 
the transport from mine site to downstream area, (iii) the seasonal 
fluctuations in the water table level can cause changes in redox condi-
tions, pH, and the chemical composition of pore waters, potentially 
leading to the dissolution or desorption of U [2,59,60,23,40,56]. SEM 
analysis revealed the presence of U-bearing phases such as clays and 
Fe-oxyhydroxides in this layer (Fig. SI-4), supporting the potential for U 
desorption from these phases. Previous studies have reported significant 
U resupply from the mine deposit horizon into pore water [23,40]. 
U-bearing phases without Pb were observed via SIMS (Fig. 9 Area 3), 
pointing out the neoformation of U-rich particles due to the alteration of 
primary U-bearing particles and U mobility in the sediment core. 
Moreover, the observed variations in (226Ra/230Th) activity ratios, both 
exceeding and falling below 1, further imply the potential for 
inter-mobility of 226Ra within this layer. It may contribute to the accu-
mulation of these elements in layers L1 and L3, while potentially leading 
to a deficiency of U and Ra in layer L2. 

3.3.3. Surface layer (L1) 
The surface layer (L1) exhibits extremely low (230Th/238U) activity 

ratios, ranging from 0.04 to 0.39, along with (226Ra/230Th) activity ra-
tios ranging from 1.05 to 4.32 (Tab. SI-2, SI-5). This is indicative of 
geochemical processes occurring in U-mining-contaminated wetlands. 
Notably, the redistribution of U within the organic layer is 

Fig. 8. (a) Pb isotopic ratio (234U/238U) vs 206Pb/207Pb of different layers in the soil core C5 sampled in the center of the wetland. The dashed line depicts the secular 
equilibrium value of the (234U/238U) activity ratio and the grey field represents the range of 206Pb/207Pb ratios corresponding to the local geochemical background. 
(b) (230Th/238U) and (226Ra/230Th) activity ratios. The (230Th/238U) activity ratios were determined by HR-ICP-MS while the (226Ra/230Th) activity ratios were 
measured by gamma spectrometry. The violet dotted lines represent the secular equilibrium values for each ratio and the blue rectangle represents unaltered U-ore 
with U-decay products in secular equilibrium. (c) 206Pb/207Pb isotope ratio vs concentration ratio of [Cu]/[U] . The dotted line marks the specific [Cu]/[U] ratio (~ 
0.13) found in torbernite. When error bars are not visible, they are included within the data points. All uncertainties are expressed with a coverage factor of k=2. 
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Fig. 9. SIMS mapping of 28Si+, 238U16O+, 208Pb+, 206Pb+, 206Pb+/208Pb+ ratio, and 63Cu+ in three areas containing U-rich particles within the layer L2 of soil core C5 
at the depth interval 8.5–9.5 cm. This sample is selected due to its high U and Pb concentration, which can facilitate the localization the U-rich particles observations 
for SIMS. The identification of U-rich particles displaying radiogenic Pb isotopic ratio serves as additional confirmation of the input of pitchblende from Bois Noirs 
source in layer L2. 
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predominantly governed by redox fluctuations and complexation with 
organic matter, such as carboxyl and phosphoryl groups found in humic 
substances and microbial biomass [61,6,62,13]. This is underscored by 
the recent findings of Grangeon et al. [36], which revealed that 
approximately 63 % of the total U in the surface layer L1 in the down-
stream wetland of Rophin is bound to organic matter. Moreover, no 
evident crystalline structure at the nanoscale was observed. This is likely 
attributed to the prevalent presence of non-crystalline U species firmly 
bound to organic matter (Fig. SI-5). This is consistent with previous 
investigations that have studied soils characterized by a high organic 
content within wetlands [6,45]. In contrast, other mechanisms such as U 
accumulation via Mn/Fe oxides, U-bearing ore minerals, and uptake by 
living organisms have been identified as contributing to a lesser extent 
[22,23,5,7]. In summary, U and Ra could be discharged and transported 
in both particulate and dissolved forms within the watershed during the 
mining operations. Subsequently, these elements became trapped in the 
downstream wetland through mechanisms such as adsorption or 
coprecipitation onto clay minerals, colloids such as 
Fe/Mn-oxyhydroxides, and organic matter particles in layers L2 and L3, 
as supported by previous studies [59,23,56,7]. Furthermore, it is worth 
noting that fluctuations in the water table level could exert a significant 
influence on the subsequent redistribution of U and Ra within the soil 
profile. 

4. Conclusion 

The results of this work confirmed the substantial radioactive 
contamination of the Rophin’s wetland across various soil layers. Ura-
nium concentrations soared to as high as 14,850 mg⋅kg− 1, alongside 
elevated activity levels of 226Ra (up to 35,368 Bq⋅kg− 1) and 230Th (up to 
38,574 Bq⋅kg− 1). By identifying the origin of the pollution sources, our 
initial hypothesis of a single contaminated layer resulting from local 
mining activity has evolved. Another polluted soil layer inherited from 
the milling activities of U-ore from Bois Noirs mine has been high-
lighted, where U-ores were transported and processed on the Rophin 
site. Furthermore, our data offer valuable insights into the mobility of 
radionuclides within the wetland. The seasonal fluctuations of the water 
table has been identified as the primary driver of U and 226Ra migration, 
both in suspended particle and dissolved forms. 

This study supports a deeper understanding of the spatiotemporal 
evolution of radionuclides (U, Ra) in the wetland area. Moreover, this 
work sheds light on the qualitative functioning of Rophin’s wetland, 
revealing the existence of multiple “reservoirs” containing radioactive 
elements with distinct physicochemical properties (e.g., parsonsite vs 
pitchblende). This significant discovery will strengthen ongoing 
research to develop models for the migration of U and 226Ra. 

Environmental implications 

Even if environmental concerns (ex. wastewater treatment plant) 
have been integrated in the management plant of the majority of U-mine 
sites by the operators, in some cases, the mining activities have led to the 
dissemination of radioactive materials (ex, dust, particles transported 
through water) in nearby areas. Contaminated sites could cause poten-
tial radiological risks to the environment and living organisms. For this 
reason, this work proposes U-Pb isotopic tracing allowing the efficient 
identification of these materials in the environment. The identification 
of these materials can help to address an effective management and 
remediation strategies for these sites. 
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Investigation. Olivier Péron: Writing – review & editing, Validation, 
Supervision, Project administration, Funding acquisition. David 
Suhard: Writing – review & editing, Writing – original draft, Resources, 
Investigation. Josselin Gorny: Writing – review & editing. Louise 
Darricau: Writing – review & editing, Resources, Investigation. 
Mathieu Le Coz: Writing – review & editing, Supervision. Nicolas Ait- 
ouabbas: Writing – review & editing, Resources, Investigation. Karine 
David: Writing – review & editing, Resources, Investigation, Concep-
tualization. Christophe Debayle: Writing – review & editing. Pascale 
Blanchart: Writing – review & editing, Resources, Investigation, 
Conceptualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

All data are available in supplementary information. 

Acknowledgments 

We would like to thank the Pays de la Loire doctoral grants, which 
have co-financed this work. We express our gratitude to Olivier Diez and 
Cyrielle Jardin for their valuable contribution to the elemental and, 
isotopic analysis. The authors extend warm thanks to the four reviewers 
for their constructive comments, which greatly enhanced the article’s 
quality. We also acknowledge the contribution of the IRSN’s mass 
spectrometry platform PATERSON, designated as contribution No. 22. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2024.134416. 

References 

[1] Cuvier, A., Pourcelot, L., Probst, A., Prunier, J., LeRoux, G., 2016. Trace elements 
and Pb isotopes in soils and sediments impacted by uranium mining. Sci Total 
Environ 566-567, 238–249. https://doi.org/10.1016/j.scitotenv.2016.04.213. 〈htt 
ps://www.sciencedirect.com/science/article/pii/S0048969716309561〉. 

[2] Gourgiotis, A., Mangeret, A., Manhès, G., Blanchart, P., Stetten, L., Morin, G., et al., 
2020. New Insights into Pb isotope fingerprinting of U-Mine material dissemination 
in the environment: Pb isotopes as a memory dissemination tracer. Environ Sci 
Technol 54, 797–806. https://doi.org/10.1021/acs.est.9b04828 (publisher: 
American Chemical Society).  

[3] Mangeret, A., Blanchart, P., Alcalde, G., Amet, X., Cazala, C., Gallerand, M.O., 
2018. An evidence of chemically and physically mediated migration of 238U and 
its daughter isotopes in the vicinity of a former uranium mine. J Environ Radioact 
195, 67–71. https://doi.org/10.1016/j.jenvrad.2018.08.018. 〈https://www.sc 
iencedirect.com/science/article/pii/S0265931×17310007〉. 

[4] Martin, A., Hassan-Loni, Y., Fichtner, A., Péron, O., David, K., Chardon, P., et al., 
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