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A B S T R A C T

The legacy of former uranium (U) mining activities led to the dispersion of inherited materials enriched with U- 
series nuclides and metal-rich minerals. In this study, the fate of U and associated metals i.e., copper (Cu) and 
lead (Pb) in a wetland located downstream of a former U mining site was evaluated. This assessment was 
conducted through the identification of U sources in wetland soils, the solid speciation of U and co-occurring 
metals, and their reactivity under oxidizing conditions.

Our results confirmed that the mining materials in the wetland originated from the physical and chemical 
treatments of two U ores (Bois-Noirs-Limouzat (BNL) and Rophin). The investigation of solid metal-bearing 
species revealed that, in the pure BNL-inherited layer, U, Cu, and Pb species were associated to amorphous 
and crystalline Fe oxyhydroxides and clay minerals and to a lesser extent, in the form of U oxides and chalco
pyrite. For the Rophin-originated deposits, the absence of crystalline U-inherited minerals was highlighted, with 
a significant association of U and Pb with organic matter, Fe-bearing species, and/or the clay mineral fraction. 
These results suggested redistribution from primary to secondary phases during alteration and pedogenesis 
processes. Deionized water-normalized leaching tests indicated different mass amounts mobilized from the two 
types of U-mining materials identified. These differences could be attributed to i) the occurrence of redox- 
sensitive minerals and ii) the presence of organic matter, which led to the formation of secondary higher sta
ble metal species. This study provided new insights into the post-depositional transformation of mining-derived 
materials and the need to consider the mineralogy of parent materials.

1. Introduction

The legacy of U mining activities led to the production of mill tailings 
and waste rock, which resulted in the dispersion of co-occurring metals 
and radionuclides in the surrounding environments, including wetlands 
(Cuvier et al., 2016; Wang et al., 2013, 2014; Stetten et al., 2018b, 2020; 
Martin et al., 2020).

Recent studies led to a better knowledge regarding U redistribution 
mechanisms in environments submitted to water table fluctuations. It 

was notably found that reduced U-rich minerals such as U phosphate 
minerals (e.g. ningyoite (U,Ca,Ce)2(PO4)2•1-2(H2O)), were prone to 
oxidative dissolution and formation of U(VI) complexed to particulate 
organic matter (POM), followed by subsequent reduction into U(IV) 
organic complexes (Stetten et al., 2018a, 2020). However, these mech
anisms did not reveal significant U releases of soil-bound U to surface 
waters (Gilson et al., 2015) and that U remobilization from U(IV) 
phosphate minerals was intricately linked to U(VI) adsorption on the soil 
matrix (Stetten et al., 2020). Studies on U speciation in sediments, 
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wetlands and floodplains have shown that U is mainly present as 
mononuclear complexes of U(VI), predominantly, or U(VI), depending 
on the redox conditions. U was found associated with C-, P-, or Si- and its 
adsorption onto the POM, particularly via carboxyl function groups, 
plays a key role in controlling its mobility (Cumberland et al., 2018; 
Lefebvre et al., 2022; Mikutta et al., 2016; Noël et al., 2017; Regenspurg 
et al., 2010; Stetten et al., 2018b; Wang et al., 2014). The mobility and 
fate of U in natural and mining-impacted wetlands are thus strongly 
influenced by its interactions with reactive mineral phases, particularly 
iron minerals, clays, and natural POM. Fe(III) oxyhydroxides act both as 
major sorbents for U(VI) and as redox-active phases capable of medi
ating U(VI) reduction to less soluble U(IV), either biologically through 
microbial activity or abiotically via Fe2+ (Behrends and Van Cappellen, 
2005; Fredrickson et al., 2000; Liger et al., 1999; Sani et al., 2004; 
Veeramani et al., 2011; Wang et al., 2014). Clay minerals containing 
structural Fe(III), as well as redox-reactive Fe-bearing minerals such as 
hematite, green rust, magnetite, and pyrite, strongly influence U 
behavior through adsorption, surface complexation, and redox trans
formations, thereby controlling both U speciation and mobility in these 
environments (Aamrani et al., 2007; Behrends and Van Cappellen, 2005; 
Fredrickson et al., 2000; Liger et al., 1999). Field studies in mining- 
impacted wetlands have shown that non-crystalline U(IV) has been 
observed bound to Fe- and organic-rich colloids that may include clay- 
associated material and be mobilized into porewater and surface 
water, challenging the assumption that reduced U is immobile under 
anoxic conditions (Wang et al., 2013). Despite significant advances in 
the knowledge of mechanisms controlling U fate in wetland environ
ments, few studies have addressed the behavior of co-occurring metals 
directly associated with U-rich mineral or metal-rich crystalline phases 
present in the original U ore bodies (Doughman et al., 2024; Lin et al., 
2024).

Indeed, the ore extraction processes, as well as natural weathering 
and erosion of the extracted mining materials, could mobilize additional 
elements other than U, such as metals and metalloids, including arsenic 
(Chen et al., 2009), vanadium (Avasarala et al., 2017), nickel (Donahue 
et al., 2000) and molybdenum (Essilfie-Dughan et al., 2011). These el
ements must be considered when establishing contaminated site man
agement strategies. For example, in the former U mine of South Terras 
(UK), the existence of U attenuation mechanisms was mainly due to the 
co-precipitation of a U-As-rich metazeunerite (Cu(UO2)2(AsO4)2•8H2O) 
and Cu-U-rich metatorbernite (Cu(UO2)2(PO4)2•8H2O) solid solution 
(Corkhill et al., 2017). Similarly, U- and V-rich mineral phases like 
carnotite (K2(UO2)2(VO4)2•3H2O) and As-Fe-rich bearing phases were 
identified to mainly control the availability of U, V and As from aban
doned mine waste in a Native American Community in Arizona (USA) 
(Avasarala et al., 2017; Blake et al., 2015). In addition, the presence of 
metals could significantly modify the geochemical behavior of U min
erals, as shown for other elemental associations in other mine tailings 
(Monneron-Gyurits et al., 2020), for example by increasing bioavail
ability and/or bioaccessibility. In France, U mining activities began in 
1946, with particular emphasis on the exploitation of U-rich pitchblende 
(UO2) veins. Furthermore, the western Lachaux U-ore bodies located in 
the French Massif Central were also studied because of the exceptional 
predominance of U- and Pb-rich phosphate minerals, with mainly par
sonsite (Pb2(UO2)(PO4)2•2H2O) and to a lesser extent torbernite (Cu 
(UO2)2(PO4)2•12H2O) and autunite (Ca(UO2)2(PO4)2•10–12H2O) 
(Geffroy and Sarcia, 1955). A previous study demonstrated the accu
mulation of U and its daughter isotopes (226Ra and 210Pb) in a wetland 
located downstream the former U mining sites of the Lachaux district 
(Rophin). It suggested that this U record was related to the discharge of 
U-rich particles during the operations of U-ore processing plant (Martin 
et al., 2020). Also, the isotope tracing study of Geng et al. (2024)
demonstrated that distinct mining-impacted layers could be identified 
within the same wetland soil core. These differences were the result of 
the physical and chemical processing of two types of U-ores, including 
U-phosphate species from Rophin deposits and pitchblende from the 

BNL deposits. Additionally, these two ores differ in mineralogical 
composition and associated trace metal inventory. While Rophin ores 
contain a high proportion of secondary U-bearing phases and 
Pb-phosphate minerals (parsonsite Pb2(UO2)(PO4)2•2H2O, pyromor
phite Pb5(PO4)3Cl), BNL ore is characterized by sulfide-rich assemblages 
with presence of pyrite (FeS2), marcassite (FeS2) and chalcopyrite 
(CuFeS2) (Cuney, 1978; Chautard et al., 2020). The presence of 
co-occurring metals in U-rich phosphate minerals, such as Pb and Cu, 
and accessory metal-bearing phases in U-mining waste, including 
metal-rich sulfide species, requires the investigation of specific mecha
nisms affecting the mobility of Cu, Pb, and U from mining deposits in the 
wetland.

This knowledge is of particular significance in environmental sys
tems, given that redox transitions in wetland soils are largely controlled 
by seasonal hydrological disturbances (Gu et al., 2012). During flood 
events, irrigation of wetland soils resulted in oxygen consumption and 
the generation of reducing conditions (Weber et al., 2009). In contrast, 
intense drought events cause air penetration to the pore space, which 
may result in the oxidative dissolution of metal-bearing sulfide pre
cipitates, such as Zn (Bostick et al., 2001; Priadi et al., 2012) and Pb 
sulfides (Dewey et al., 2021). The effects of oxidation events on the 
reactivity of co-occurring metals in former secondary uranium mining 
deposits remain poorly understood.

The study aimed to understand the origin, solid speciation, and the 
reactivity of metal-bearing phases, particularly Cu, Pb and U, in a 
contaminated wetland soil influenced by U mining activities. Such 
knowledge is necessary to better anticipate the long-term behavior of 
metals in such environments. This wetland is characterized by seasonal 
water level fluctuations driven by precipitation and drainage conditions 
(Martin et al., 2020, 2021), leading to alternating oxic and suboxic to 
anoxic conditions in soil layers (Martin et al., 2021). Moreover, the 
contrasts between the two ores (BNL and Rophin) are expected to in
fluence both the initial release of U during ore processing and its sub
sequent redistribution in downstream environments. This work was 
specifically focused on: i) the determination of the origin of U-rich 
species sequestrated in the wetland allowing to understand the associ
ated metals contents, geochemical fate and behavior; ii) the identifica
tion of the metal host phases through the mineralogical assemblages; 
and iii) the evaluation of the reactivity of U and other metal-bearing 
phases under oxidizing conditions. To address these three objectives, 
the identification of the origin of U-rich species in mining materials was 
based on bulk and grain-scale stable Pb isotope analyses, respectively 
determined by ICP-MS/MS and Secondary Ion Mass Spectrometry 
(SIMS), allowing the discrimination of different processed U ore sources. 
In addition, the identification of U-bearing phases was performed with 
Scanning Electron Microscopy (SEM) equipped with an Energy- 
Dispersive X-Ray (EDX) probe, and Electron Probe Micro-Analysis 
(EPMA) for less U-enriched minerals. The identification of U, Cu, and 
Pb host phases in dried wetland soil core samples were assessed using 
selective and BCR-type sequential chemical extraction procedures 
combined with micro-X-Ray Absorption Near-Edge Structure spectros
copy (μXANES) and the abovementioned techniques. Despite technical 
limitations in terms of resolution or detection thresholds, their inte
gration provided a coherent understanding of metal associations. 
Additionally, the evaluation of the easily extractable fraction of metals 
from U-mining deposits was performed according to a one-step deion
ized water leaching test. In this study, the term “available” was used to 
describe this fraction.

2. Material and methods

2.1. Site description

The study area is the watershed of the former Lachaux mining site 
(communes of Lachaux and Ris – Puy-de-Dôme), located in the Forez 
Massif, east of the Limagne Graben in the northeastern part of the Puy de 
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Dôme department in France (Fig. 1) (Guiolliard, 2002). Prospecting, 
exploitation, and physical processing of U ores occurred from 1947 to 
1959 in several U mining sites: Rophin, Gagnol, Etang du Reliez, Reliez 
and Bancherelle (IRSN, 2024). The mineralogical assemblage of the ore 
was characterized by the abundance of smoky quartz with large sulfide 
crystals, i.e., galena (PbS) and chalcopyrite (CuFeS2), associated with 
rare pyrite (FeS2) and sphalerite (ZnS).

U-rich minerals consisted of parsonsite (Pb2(UO2)(PO4)2•2H2O), 
autunite ((Ca(UO2)2(PO4)2•8-12H2O)) and torbernite (Cu(UO2)2 
(PO4)2•12H2O) (Geffroy and Sarcia, 1955). The ore washing plant built 
at the Rophin site in 1948 led to the extraction of 400 kg of U from the 
average ore concentration of 2‰. In 1957, chemical treatment tests were 
conducted for the pitchblende of the BNL U ore (Martin et al., 2020). 
After the closure of the mine, 30,000 tons of waste and U mill tailings 
were covered with vegetated soil and stored in situ under the regulations 
of the French Installation Classified for the Protection of the Environ
ment (ICPE), and forest vegetation has developed. In the western part of 
this ICPE, a trench collects the aqueous effluents from the former un
derground works (Himeur and Andres, 2012). These effluents feed the 
Gourgeat stream which is connected to the other local ore bodies of the 
Lachaux area. During mining operations, the Gourgeat watershed was 
closed 2 km downstream by a dam, near the confluence between the 
Gourgeat and Terrasson streams for the water supply of the ore pro
cessing plant (Martin et al., 2020). Significant enrichments of 238U and 

its daughter isotopes have been found in wetland soil samples, because 
of the historical discharge of U-mining effluent from the ore washing 
treatment plant. These radionuclides were predominantly retained 
beneath a surface layer rich in organic matter, which acted as a 
geochemical barrier and favored their accumulation over time 
(Martin et al., 2020).

2.2. Sampling and on-site measurement procedures

In April 2019, a 50 cm deep soil core named “ZH” was sampled in the 
Rophin wetland (46◦00′25.2″N 3◦33′00.3″E) using a Russian corer (Eij
kelkamp). After sampling, the soil core was divided into 23 samples 
every 2–3 cm on site without preserving soil redox characteristics. This 
approach permits us to specifically investigate U and metal behavior 
under oxidizing conditions, which are relevant during low-water or 
post-disturbance periods. Consequently, the results reflect potential 
remobilization scenarios rather than strictly in situ speciation. Three 
main layers were distinguished and described in the Section 2.1: the 
horizon “ZH1” as an organic-rich surface layer (0–10 cm depth), the 
horizon “ZH2” (12–20 cm depth) defined as mining deposits inherited 
from the treatment of U ores described by Martin et al., 2020 (Fig. 1), 
and the horizon “ZH3” (22–50 cm depth) considered as the original soil 
(Martin et al., 2020). At 10–12 cm and 20–22 cm, these depths were 
considered as interface zones, potentially representing a mix of the 

Fig. 1. Location of the ZH soil core relative to those studied by Geng et al. (2024). Photographs showed mining deposit (blank arrow) exposed along the bank of the 
Gourgeat stream.
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above and below layers.

2.3. Reagents, materials, and solutions

Deionized water with a resistivity of 18.2 MΩ.cm was used to pre
pare aqueous solutions obtained from a Milli-Q system (Millipore). High 
purity acids obtained by distillation (Savillex® DST-1000 system) of HCl 
(Merck, EMSURE 37%) and HNO3 (VWR Chemicals, NORMAPUR 68%) 
were also used.

The following chemical products were used in this study: hydroflu
oric acid (VWR, Suprapur 40%) and perchloric acid (VWR Chemicals, 
NORMAPUR 70%), hydrogen peroxide solution (VWR Chemicals, 
NORMAPUR), glycerol (VWR Chemicals, NORMAPUR), glacial acid 
(VWR Chemicals, NORMAPUR), sodium citrate monohydrate salt 
(PROLABO, NORMAPUR), sodium bicarbonate salt (MERCK, Pro Anal
ysis), acid ascorbic salt (PROLABO, NORMAPUR), sodium hydroxide 
salt (PROLABO, NORMAPUR), hydroxylamine hydrochloride (VWR 
Chemicals, NORMAPUR), ammonium acetate salt (Merck, EMSURE). 
For elemental analyses, a series of mono-standard solutions (VWR) were 
used for the preparation of home-made multi-standard solutions for 
elemental analysis: Fe, Mn, Mg, Si, Al, Ba, Ca, P, Cu, Zn, Pb, Th and As 
with an initial concentration of 1000 mg.L− 1 and U with an initial 
concentration of 10 mg.L− 1. Disposable polypropylene containers and/ 
or conical tubes (VWR) were used in all experiments to ensure sample 
integrity and prevent contamination.

2.4. Elemental analysis of the samples

2.4.1. Soil treatment
After sampling, the water content (W) of the wetland soil was 

measured by gravimetry as the ratio of mass of water (Mwater) to wet soil 
(Mwet). The soil samples were dried at 55 ◦C in a steam oven (VWR Venti- 
Line) until a constant mass was reached. The samples were stored in 
polypropylene containers at ambient temperature (20 ± 2 ◦C). All soil 
samples were finely ground in agate mortar prior to acid digestion, 
alkaline fusion, one-step and sequential extractions.

2.4.2. Loss on ignition, carbon, nitrogen and sulfur analyses
LOI was measured by heating pre-weighted dried samples in a muffle 

furnace at 550 ◦C for at least 5 h. The LOI percentage was calculated 
from mass loss, primarily attributed to the volatilization of organic 
matter. Total carbon (TC), total nitrogen (TN), and total sulfur (TS) 
contents of wetland soil samples were determined by CHNS analyses 
(FlashSmart, Thermo Scientific). Particulate inorganic carbon (PIC) and 
nitrogen (PIN) values, determined from calcinated samples (obtained 
during LOI measurement), were below the detection limits for all soil 
core samples indicating negligible inorganic contributions. Thus, TC and 
TN were considered to represent Particulate Organic Carbon (POC) and 
Nitrogen (PON) respectively, in this study.

2.4.3. Total acid digestion and fusion procedure
Total acid digestions of solid samples were performed to quantify 

their elemental composition. Briefly, 50 mg of finely ground samples (<
100 μm) were placed in a 20 mL PFA reactor (SAVILLEX) and succes
sively attacked with concentrated HNO3-HF-HClO4 acids according to 
the method C described in the study of Yokoyama et al. (1999). The dry 
residues were finally treated with 5 mL of 3 mol.L− 1 HNO3 solution.

Si contents were determined after alkaline fusion on soil samples 
according to the same procedure described previously (Darricau et al., 
2024). Briefly, 150 mg of finely ground sample were placed on a 900 mg 
powder mixture of LiBO2/LiBr (98.2 and 1.5% w/w, respectively; SPEX 
Fusion Flux, Pure) in a platinum crucible (5AUPTKAX, KITCO). The 
platinum crucible was heated in a Katanax K1 Prime furnace at 600 ◦C to 
oxidize the reduced elements and POM for 5 min, then at 985 ◦C during 
10 min to fuse the sample. After cooling, the fusion melt was dissolved in 
200 mL of 1.0 M HNO3, 1.4 M H2O2 and 0.5 M glycerol solution, with 

dissolution aided by 2–5 min of ultrasonic treatment.

2.4.4. Chemical extractions for Cu, Fe, Pb and U
Three single-step extractions and a BCR-type sequential chemical 

extraction method were used on selected wetland soils according to 
geochemical index values (Igeo) (see Section 2.5 for more details) choose 
as an indicator of the various levels of metal enrichment. These com
plementary extraction methods were used to assess the partitioning of 
metals among different solid-phase fractions and to evaluate their po
tential mobility and environmental availability under changing 
geochemical conditions. The combination of these extractions and 
leaching allows to capture complementary aspects of U and metal 
reactivity. While sequential extraction provides information on opera
tionally defined fraction, single-step and leaching tests offer estimation 
on the mobilizable pools under specific geochemical conditions. The 
combined application of multiple extraction strategies therefore enables 
a more comprehensive and chemically meaningful characterization by 
exploring complementary compartments rather than redundantly tar
geting the same fraction. It is acknowledged that sequential extraction 
schemes are subject to partial overlap between targeted phases 
(Cappuyns et al., 2007; Bacon and Davidson, 2008). During the different 
extraction steps, several processes can lead to redistribution of metals, 
including incomplete selectivity of reagents (depending on the metals), 
readsorption onto residual solid phases (e.g., clays minerals, OM), or 
secondary precipitation (e.g., Pb- or U-phosphates under acidic condi
tions). Consequently, redistribution of U and associated metals during 
extraction cannot be fully excluded and constitutes an inherent limita
tion of such approaches. Interpretations are thus based on comparative 
trends rather than absolute phase quantification, and are supported by 
complementary spectroscopic and microscopic analyses.

The two first single-step extraction procedures used were: (1) a Cit
rate Bicarbonate Ascorbate (CBA) solution for 24 h (pH = 7.5; 
[NaHCO3] = 0.6 mol.L− 1; [Na3C6H5O7] = 0.2 mol.L− 1; [C6H8O6] = 0.1 
mol.L− 1; liquid/solid ratio of 25: 1, 24 h) to extract metals associated 
with easily reducible amorphous Fe(III) and Mn(III/IV) oxyhydroxides 
(Haese et al., 2000; Hyacinthe et al., 2006; Hyacinthe and Van Cap
pellen, 2004); and (2) 1 mol.L− 1 HCl (liquid/solid ratio of 20: 1, 24 h) to 
extract exchangeable species and those bound to POM, amorphous and 
poorly crystalline Fe(III) and Mn(III/IV) oxyhydroxides, carbonates, 
phosphates and reactive sulfides (Cooper and Morse, 1998; Larner et al., 
2006; Leleyter et al., 2012; Ruban et al., 2001; Yu et al., 2021). A third 
single-step extraction was performed using the NF EN 12457-2 leaching 
test to quantify the easily extractable metal fraction and assess envi
ronmental compliance with European waste criteria (Foucault et al., 
2012). Samples (500 mg) were incubated for 24 h with deionized water 
(pH = 5–7.5; conductivity < 0.5 μS.cm− 1; liquid/solid ratio of 10:1). 
Mixtures were vigorously shaken on an orbital shaker (200 rpm; BIO
BLOCK scientific) and filtered through 0.45 μm cellulose acetate mem
branes. Residual solids were collected and dried for mineralogical 
analyses of the residual metal-bearing phases.

In addition to single-step extraction experiments, a modified BCR 
sequential extraction procedure (Mossop and Davidson, 2003; Pérez- 
Moreno et al., 2018; Ruban et al., 2001) was used on 250 mg samples to 
evaluate metal partitioning. The four steps targeted were: F1 the 
exchangeable/acid-soluble metals with 0.11 mol.L− 1 acetic acid (16 h); 
F2 the reducible fraction with 0.5 mol.L− 1 hydroxylamine chlorohydrate 
(16 h); F3 the oxidizable fraction with 8.8 mol.L− 1 H2O2 (1 h at room 
temperature, then 1 h at 85 ◦C, to reduce at 1 mL), followed by 1 mol.L− 1 

ammonium acetate at (16 h); and F4 the residual fraction after total acid 
digestion. Recoveries for Cu, Pb, and U were acceptable (Table S1). The 
percentages represented the proportion of each extracted element con
tent ({X}extracted, mg.kg− 1) compared to the bulk element value ({X}bulk) 
mg.kg− 1 using %extracted = {X}extracted/{X}bulk × 100, where X corre
sponded to the targeted metal. It provides a quantitative estimate of the 
mobility or association of the metals with specific geochemical fractions 
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under different pH and redox conditions.
All extraction and leaching experiments were conducted in dupli

cates except for the BCR extraction, which were performed in triplicate. 
Reported values represent mean concentrations, with standard de
viations shown in figures and tables.

2.4.5. Elemental analysis
Depending on the concentration level, the total element concentra

tions in diluted extracts (at least 100- and 1000-fold dilution made for 
alkaline fusion and single-step extraction with 0.3 mol.L− 1 HNO3 solu
tion to avoid matrix effects) were analyzed by ICP-OES (Thermo Fisher 
ICAP™ 7600 Duo) or ICP-MS/MS (Agilent 8800, Agilent Technologies). 
Calibrations were performed with multi-standard solutions in matrices 
similar to the diluted extracts, with R2 > 0.995. Blank correction was 
applied when necessary, and quality control solutions were regularly 
analyzed. Reference materials (SARM Granites GA (Govinoaraju and De 
La Roche, 1977) and Tibet Sediment NCS DC 70317 (Ferrari et al., 
2021)) were used as total digestion controls. Acceptable recovery 
(80–120%) was obtained using both acid digestion and alkaline fusion 
(Chang et al., 2009). Instrumental detection and quantification limits for 
each element are provided in Table S2 and S3. Stable Pb isotope ratios 
were calculated directly from the ICP-MS/MS measurements, without 
preliminary chemical separation of Pb from the matrix and without 
applying instrumental mass fractionation correction. Although this 
approach is less rigorous than standard protocols it was sufficient to 
identify isotope trends and distinguish potential Pb sources in the 
context of this study. SIMS analyses will be used to further refine the 
origin of U-bearing minerals (Section 2.7).

2.5. Geochemical index methods

Geoaccumulation index (Igeo) was used previously to estimate metal 
enrichment compared to a natural geochemical background (i.e., not 
contaminated or polluted) and identify anthropogenic-impacted zones 
(Rubio et al., 2000; Sakan et al., 2015). Calculations and data analyses 
are described in the Supplementary Material. Background levels were 
calculated from metal contents in the ZH3 paleosoil layer, which was 
previously dated using 14C by Martin et al. (2020), formed before the 
beginning of U mining activities and thus considered not impacted by U 
mining activities.

2.6. Mineralogical analyses

Major mineral phases were characterized by bulk powder XRD 
(0–80◦X 2θ, CuKα = 1.5418 Å, step size 0.017◦, scan step time 775.335 s) 
on a Panalytical diffractometer at GEOPS facility (Orsay, France). Clay 
minerals were analyzed by the Stoke's law fractionation method. For 
SEM and EPMA, soil and sediment samples were embedded in an Epoxy 
resin (EpoFix, Struers) prior analysis. Secondary electron images were 
obtained with SEM Phenom™ Pro X at GEOPS facility (Orsay, France) 
equipped with an EDX probe (15 keV). EPMA analyses were performed 
on SEM-selected particles (15 kV, 4-nA beam current) on a CAMECA SX 
Five (Camparis, UMPMC, France) calibrated with certified standards 
(Ecce Terra, 2018). Two to three analyses were carried out on each 
particle to improve counting statistics. The XRD patterns were used to 
broadly identify the main mineral groups present and to contextualize 
the geochemical environment, rather than to achieve full crystallo
graphic resolution of clays. SEM-EDS was then employed to locate and 
observe U-bearing and accessory phases, while EPMA provided quanti
tative confirmation of their composition.

2.7. Radiogenic Pb detection and location by SIMS

SIMS analyses of Pb-rich phases were conducted using a CAMECA 
IMS7 F-E7 (PATERSON Platform, ASNR, Fontenay-aux-Roses). “Radio
genic” refers to Pb produced by the U-decay (uranogenic). Imaging 

aimed to identify the radiogenic Pb-bearing phases (i.e., 206Pb-rich and 
208Pb-poor) at the grain scale. Samples were introduced into the analysis 
chamber (pressure of 5 × 10− 9 mbar) using a 5 nA, 12 kV O2

− primary 
beam projected on a ~ 1 μm area which scanned the area of interest (a 
raster of 250 μm × 250 μm for the mining deposit sampled at 16–18 cm 
depth). The positively charged secondary ions or molecules were 
accelerated at 10 kV into the mass spectrometer, measured with a mass 
resolution of 400 by ion counting in monocollection mode and 
sequentially converted into an image with a lateral resolution of around 
1 μm. Prior to each analysis, a 5-min pre-sputtering procedure was 
conducted using a primary beam of approximately 100 nA. The analysis 
includes 500 integration cycles, each lasting 10s for 206Pb+, 207Pb+, 
208Pb+, and 238U16O+, and 1s for 28Si+. Mass calibration used a Pb-rich 
metal (common Pb isotopic signature) and a Si plate.

2.8. Micro X-ray fluorescence and X-ray absorption near-edge structure

2.8.1. μ-XRF and Cu K-edge μ-XANES analysis on PUMA
μ-XRF mapping and Cu K-edge μ-XANES analyses were conducted on 

the 16–18 cm depth sample from the ZH2 layer at the SOLEIL PUMA 
beamline (Saint-Aubin, France). The standards/samples preparation, 
the acquisitions, and the results were consistent with those acquired in 
the study of Darricau et al. (2024). The reference samples included Cu 
oxide, Cu-foil, CuS, Cu2S, CuSO4, shattuckite (Cu5(SiO3)5(OH)2), 
kobyashevite (Cu5(SO4)2(OH)6•4H2O), chalcanthite (CuSO4•5H2O), 
yvonite (Cu(AsO3OH)), pushcharovskite (Cu(AsO3OH)•1.5(H2O)), 
azurite (Cu3(CO3)2(OH)2), malachite (Cu2CO3(OH)2), CuCO3, Cu diac
etate, CuF2, CuCl2. In addition, the following synthesized materials were 
also measured: doped goethite with 0.7 wt% Cu and 0.5 wt% Cu and 
doped ferrihydrite with 0.3 wt% Cu and 0.5 wt% Cu.

2.8.2. μ-XRF and Pb LIII-edge μ-XANES analysis on Diffabs
μ-XRF mapping and Pb LIII-edge μ-XANES analyses of samples from 

the horizon “1” and “2” from the soil core ZH were conducted at the 
SOLEIL beamline DiffAbs (Saint-Aubin, France). The X-ray incident 
beam was monochromatized using a Si(111) double crystal. Kirkpatrick- 
Baez focused the beam down to 11.1H * 5.67 V μm. The XANES spectra 
were calibrated thanks to a pure metallic Pb foil. Various sizes of μ-XRF 
maps were acquired with a counting time of 0.1 s per point and a step 
size between 50 and 12 μm in continuous scanning mode (flyscan; 
Leclercq et al., 2015). Finally, Pb-rich areas of interest were analyzed by 
μ-XANES at the Pb LIII-edge. The μ-XANES spectra were then analyzed 
using the ATHENA software analysis (Ravel and Newville, 2005). Linear 
Combination Fitting (LCF) was performed to estimate the content of 
each component. References spectra were acquired for sample Pb- 
speciation identification and LCF calculations: Pb3O4, PbO, Pb3O2P4, 
PbHPO4, PbCO3, PbSO4, and Pb Azelate (PbAz). Fig. S7 displays the 
reference spectra acquired. The μ-XANES spectra were also compared 
with previously published reference compound spectra (Cervi et al., 
2021; England et al., 1999; Feng et al., 2022; Mikhlin et al., 2021; Ohta 
and Kubota, 2016; Sekine et al., 2017).

All μ-XANES spectra were fitted over the energy range chosen for Cu 
K-edge (8960–9100 eV) and Pb LIII-edge (13,070–13,210 eV) using 
linear combination fitting (LCF). Energy calibration was performed 
using reference standards. The quality of the linear combination fitting 
(LCF) was evaluated using the reduced chi-square (χ2R) and the R-factor 
(Rf), which quantify the agreement between experimental and fitted 
spectra, with lower values indicating a better fit (good with Rf <
0.01–0.02; acceptable with Rf between 0.02 and 0.05).

3. Results and discussion

3.1. Wetland soil characteristics

The depth profiles for LOI, TC, TN, water content, and elemental 
composition enabled the distinction of three well-defined geochemical 
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layers within the “ZH” soil core. These stratigraphic divisions were 
clearly presented in Table 1 and thoroughly detailed in the supple
mentary data information (Table S4). They reflected variations in both 
organic matter content and mineralogical composition throughout the 
ZH soil core.

Layer ZH1 exhibited high TC contents with a terrigenous signature 
(TC/TN > 10). XRD analysis revealed a mineral composition of quartz, 
albite, microcline and muscovite (Fig. S1) – consistent with chemical 
data (Table 1) and the site's granitic geology. The organic-rich ZH1 
horizon overlayed a mainly mineral silty-loamy layer ZH2.

Layer ZH2, identified as “mining deposits” (Martin et al., 2020; Geng 
et al., 2024), was considered as the primary source of 238U and 235U 
decay-series nuclides and co-occurring metals in the wetland. These 
materials originated from the discharges of U mining water discharge 
and/or runoff nearby settling ponds. The isotopic ratios of 206Pb/208Pb 
confirmed that the mining deposits originated from the two types of U 
ores treated in the Rophin washing plant: Rophin and BNL. ZH2 was 
POC-depleted and composed of minerals, containing clay minerals 
(vermiculite, muscovite and kaolinite), quartz, and K-feldspar (Table 1, 
Fig. S1).

Finally, layer ZH3 corresponded to the original soil predating U 
mining (Table 1). It showed higher TC, LOI, and water content than ZH1, 
consistent with its lower mineral fraction (Table 1, Fig. S1). The main 
features of the studied core aligned with those previously sampled in the 
Rophin wetland (Martin et al., 2020; Geng et al., 2024; Montavon et al., 
2025). To better understand the origin of co-occurring metals, the 
source of U was further examined in the next section.

3.2. Origin of U in mining deposits

3.2.1. Detection of radiogenic Pb
To determine the origin of U in mining deposits, U-bearing phases 

were identified by SEM, combined with 206Pb/208Pb ratios and chemical 
analyses. Geng et al. (2024) reported two different Pb sources related to 
the core sampling location in the wetland soils (Fig. 1): a non-radiogenic 
(206Pb/208Pb ≈ 0.48) linked to Rophin parsonsite (Pb2(UO2)(PO4)3) 
ores, and a radiogenic one from the chemical treatment of BNL pitch
blende (UO2) ores (Section 2.1). Due to the large isotopic contrast be
tween the two endmembers, bulk analyses (i.e., without chemical 
separation) allowed to distinguish the different U-mining inputs in 
wetland soil samples. 206Pb/208Pb ratios in sample from 8 to 11 and 
11–14 cm depth exceeded the Present-Day Average Crustal (PDAC) 
value of 0.48 (Cumming and Richards, 1975), indicating a radiogenic Pb 
signature (Fig. 2, Table S4).

3.2.2. BNL origin
SEM observations revealed lumpy and fine-grained U oxides, with Pb 

contents up to 4.6 wt%, suggesting an authigenic origin in mining de
posits sampled at 11–14 and 16–18 cm depth (Fig. S2). These deposits 
exhibited high U contents (1077 and 1106 mg.kg− 1) (Table S5). SIMS 
imaging of U rich hot spots revealed 206Pb/208Pb ratios of 0.9–1.0 – 

higher than the PDAC value (0.48) and lower than the radiogenic Pb 
signature of the pitchblende ore ratio of 7.7 (Geng et al., 2024) (Fig. 3). 
The intermediate values could support the hypotheses of the formation 
of authigenic U oxides through oxidation-driven redistribution from the 
BNL pitchblende source, likely triggered by water table fluctuations. A 
BNL ore-treatment origin from the mining deposits recorded from 11 to 
18 cm depth is the most possible. This was supported by Geng et al. 
(2024), who identified a radiogenic Pb signature in U oxides from the 
BNL pitchblende ore.

3.2.3. Rophin origin
In contrast, SEM observations of the soil core sample at 18–20 cm 

showed very sparse U-oxides, and no U-bearing crystalline minerals at 
20–22 cm depth (Fig. S2). Moreover, these two layers revealed higher U 
contents (1321–1616 mg.kg− 1) compared to the BNL-related layer 
(810–1076 mg.kg− 1). The common Pb signature (206Pb/208Pb ≈ 0.5) for 
these two samples and the U/Pb mass ratio of 0.5 in agreement with the 
parsonsite stoichiometry, indicated that this layer could be derived from 
the physical processing of parsonsite ores. Finally, parsonsite crystals 
were barely observed by SEM (only two crystals) in the 16–18 cm layer 
(Fig. S2-b). The coexistence of two different U-rich minerals indicated 
that this layer could be considered as a mixture of the two above
mentioned U sources.

3.2.4. Vertical partitioning of mining deposits
The results enabled the identification of three sublayers within 

mining deposits (ZH2): i) 10–14 cm depth, U primarily derived from the 
processing of BNL ores; ii) 14–18 cm depth, a mixture of both U sources; 
and iii) 18–22 cm depth, U predominantly from the parsonsite ore 
treatments.

3.3. Metal enrichment indexes

Metal enrichments in the ZH core were assessed using Igeo factor 
(Fig. 4). The top 30 cm showed enrichments for Zn, Cu, Pb, and U (Igeo >

1). The strongest U enrichment (Igeo > 5) occurred at 5–8 cm depth in the 
organic-rich ZH1 layer (13.7 wt%) and at 18–20 cm depth, reflecting the 
signature of Rophin U ore treatments.

Peaks of Cu and Pb enrichment (Igeo > 4) were observed at 11–14 and 
18–20 cm depth, respectively (Fig. 4). SEM revealed chalcopyrite crys
tals only in the BNL-derived sublayer (ZH2) and in the mixing zone 
(14–18 cm), associated with U oxides (Fig. 5-d, Table S6). This aligns 
with historical studies identifying chalcopyrite as the main sulfide phase 
in the third mineralogical event for the BNL mineralization (Section 2.1; 
Cuney, 1978). For Pb, this enrichment could be attributed to the prev
alence of plumbogummite PbAl3(PO4)2(OH)5•(H2O) crystals in the 
Rophin-derived ZH2 sub-layer. Igeo values for Zn indicated moderate to 
high enrichment at 18–22 cm depth. SEM observations of the 18–20 cm 
layer revealed rare sphalerite (ZnS) crystals. The presence of Rophin- 
derived materials, along with the absence of a discernible Zn in BNL- 
derived materials, suggested that Zn could be a valuable proxy of 

Table 1 
: Main physicochemical and mineralogical characteristics of the three layers composing the ZH soil core. Total carbon (TC) and total nitrogen (TN) were used as proxies 
for particulate organic carbon (POC) and nitrogen (PON), respectively, due to negligible inorganic contributions. Further details are displayed in the Supplementary 
Material (Table S4). The classification of particulate organic matter (POM) follows the criteria established by Seeber and Seeber (2005).

Layer Textural 
composition

Observations Mean chemical content (wt%) Classification of POM

SiO2 Al2O3 Fe2O3 MgO LOI Water TN TC

ZH 1 (1.5–11 
cm depth)

Organic layer Black soil with fibrous organic 
material (such as roots and 
leaf)

59.7 12.26 1.75 0.34 33.5 65.4 1.11 13.7 TC/TN > 10 terrigenous

ZH 2 (11–20 
cm depth)

Silt loam 
texture

Whitish color 85.4 13.58 1.07 0.37 6.4 36.4 0.12 1.9 TC/TN > 10 terrigenous

ZH 3 (20–50 
cm depth)

Organic layer Dark brown soil 37.4 8.96 1.25 0.19 58.1 73.3 1.75 28.7 15 < TC/TN < 20 soils of untended 
forests POM more heavily 
decomposed
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Rophin ore influence. As noted, two sub-layers contained mining ma
terials from distinct types of U ore treatments. The next section focused 
on the solid speciation of U, Cu and Pb in mining materials, the surface 
layer (ZH1) and original soil (ZH3), to understand their behavior and 
mobility under oxidizing conditions.

3.4. Metal speciation in the various soil layers

3.4.1. Uranium speciation in soil layers
A significant U fraction (74–89% of total U content) was extracted 

with 1 mol.L− 1 HCl from the different soil layers (ZH1, ZH2 and ZH3), 
while the CBA agent extracted 51–89% of total U (Fig. 6). Bicarbonate 
ligands were known to effectively mobilize sorbed U(VI) and U(IV) in 
soils and sediments, under both anoxic and oxic conditions due to their 

strong affinity for U (Langmuir, 1978; Alessi et al., 2012; Zhou and Gu, 
2005). Furthermore, the BCR F3 step, targeting the oxidizable fraction 
bound to POM, extracted 70–88% of the total U content in the TC-rich 
layers (ZH1 and ZH3; Fig. 6). This strong U-POM association had been 
reported in both impacted and natural wetland (Martin et al., 2020, 
2021; Grangeon et al., 2023; Stetten et al., 2018b; Lefebvre et al., 2022; 
Regenspurg et al., 2010).

About 59% of total U was extracted by the BCR F1 step in the BNL- 
derived ZH2 sub-layer, indicating that a large pool of easily extract
able species (Fig. 6) is likely adsorbed onto clay minerals (Bartl and 
Czurda, 1991; Davey and Scott, 1956; Syed, 2006). In contrast, for the 
same fraction, only 18% of total U were found from the Rophin-derived 
sub-layer (18–20 cm depth), which contained significantly more POC 
(20 wt% vs 2 wt%), suggesting stronger U-POC binding and greater 

Fig. 2. 206Pb/208Pb ratios and total U contents plotted by depth in the ZH soil core. The dotted line represents the PDAC signature of 0.48 (Cumming and Richards, 
1975). The distinction of three well-defined geochemical layers within the “ZH” soil core was explained in Section 3.1.

Fig. 3. SIMS images showing the spatial distribution of 29Si+, 238U16O+, 206Pb+ and 208Pb+ in mining deposits sampled at 16–18 cm depth.
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retention. SEM observations after BCR F1 and F2 steps confirmed that U 
oxide crystals in the BNL-derived sub-layer, though abundant, accoun
ted for only ≈ 10% of total U (Fig. S5 and S6).

In summary, U speciation in ZH1 and ZH3 layers was mainly domi
nated by sorbed forms, linked to POM. In ZH2 layer, higher U extraction 
in BCR F1 and F2 step indicated more easily extractable U species. To a 
lesser extent, authigenic and/or originated U oxides from treated BNL 
ores were observed in the BNL-derived ZH2 sublayer, along with rare U 
(VI)-phosphate phases like parsonsite (SEM-EDS analyses). Finally, 
minor amounts of refractory U-rich minerals, including zircon and REE- 
phosphate species, were detected throughout the soil core.

3.4.2. Lead speciation in soil layers
Numerous small-sized plumbogummite crystals (2 to 5 μm), con

taining traces of Fe (Fig. 5a) were especially observed in the Rophin- 
derived sublayer. XANES analyses of Pb-rich particles in ZH1 and ZH2 
layers (Fig. 8, Table S9), localized via μ-XRF maps (Fig. 7a and S8), 
closely matched with the reference Pb phosphates i.e, compound 
Pb3O2P4 (Chi2R = 0.025; Fig. S7). Other Pb-bearing phases were less 
identified, including galena, pyrite and Ti oxides with U and Pb contents 
of 1–30 wt% and 1.6–13.5 wt%, respectively (Fig. 5 and Table S5). The 
presence of Pb-rich sulfate minerals such as anglesite (sometimes Cu- 
and As-enriched) and Pb-rich barite were also confirmed by LCF fits 
(Fig. 8a and b, Table S7, S8) and SEM (Fig. 5-c, Table S5). These results 
aligned with previous reports of anglesite in Zn-ore process waste or in 
Ag–Pb mine tailings as a stable secondary phase (Audry et al., 2010; 
Courtin-Nomade et al., 2016; Gieré et al., 2003). Finally, μ-XANES 
spectra from mining deposit layer at 16–18 cm depth resembled Pb 
Azelate (C9H14O4Pb), used as organic Pb complexes (Fig. 8c, Table S9) 
(Morin et al., 1999).

A significant Pb fraction (58–75% of the total Pb content) was 
extracted with 1 mol.L− 1 HCl from the various soil layers (ZH1, ZH2 and 
ZH3; Fig. 6). After the extraction, SEM observations revealed the 
absence of Pb-rich phosphate and sulfate minerals, suggesting that these 
phases are potentially soluble in 1 mol.L− 1 HCl. However, these results 
should be interpreted with caution. Wei et al. (2005) suggested that 
using 0.1 mol.L− 1 HCl could underestimate Pb availability due to its 
precipitation as cotunnite (PbCl2) (Wei et al., 2005). However, no evi
dence of this compound was observed by SEM in the post-extraction 
samples.

The CBA agent extracted 8–21% of total Pb, mainly from the Rophin 
sub-layer and ZH1 layer (Fig. 6). In ZH2 layer, Pb extraction was 4% for 
the BNL-derived sublayer versus 28% for the Rophin-derived sublayer, 
which also shows higher Pb (> 3200 mg.kg− 1) and POC (20 wt%) 
contents. This could explain the Pb accumulation in the Rophin-derived 
sub-layer through adsorption onto organic surfaces or the formation of 
organo-metallic complexes.

The BCR F2 step, targeting metals associated with amorphous and 
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Fig. 4. Geoaccumulation index (Igeo) values for Zn, Pb, Cu, and U measured 
along the ZH soil core depth profile. The distinction of three well-defined 
geochemical layers within the “ZH” soil core was explained in Section 3.1.

Fig. 5. SEM images of minerals identified in ZH soil samples at various depth (depths indicated for each images): (a) plumbogummite (Plb), (b) U-oxide (U-ox), (c) 
Pb-barite (Pb-Brt), (d) Chalcopyrite (Ccp), (e) Ti-oxide with U and Pb (Pb-U-Ti-ox), (f) REE phosphate with U and Pb (U-Pb-REE-phos), (g) anglesite (Ang) and (h) 
other Pb-sulfate enrich in Cu and As. EDX spectra associated to SEM image (b), (e), (f) and (h) are displayed in Fig. S3.
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poorly crystalline Fe(III) and Mn(III/IV) oxyhydroxides, extracted 
30–60% of total Pb (Fig. 6), indicating these phases act as Pb sinks. 
However, previous studies showed that the BCR F1 and F2 step can lead 
to the dissolution of other Pb species, including anglesite (PbSO4) or 
even Pb associated with POM (Cappuyns et al., 2007; Courtin-Nomade 
et al., 2016; Fanfani et al., 1997; Mossop and Davidson, 2003; Raksa
sataya et al., 1996; Tessier et al., 1979), due to hydroxylamine hydro
chloride at pH 2 promoting Pb desorption with chloride ions. This could 
result in an overestimation of Pb associated with the exchangeable phase 
and oxyhydroxides.

The BCR F3 step yielded only minimal Pb extraction from the BNL- 
derived sublayer (Fig. 6), likely due to low POC, the presence of 
poorly soluble Pb minerals (Ti oxides, REE phosphates) and few sulfide 
phases (Fig. 8b - spectra I). In contrast, 28–58% of total Pb were 
extracted by the BCR F3-step in POC-rich layer (ZH1 and ZH3; Table 1
and Fig. 6). In addition, the μ-XANES spectrum of the bulk ZH1 layer at 
6.5 cm depth matched the reference compound PbAz (Chi2R = 0.018) 
(Fig. 8d R) indicating significant Pb association with POM as observed in 
contaminated floodplain soils with low Pb partitioning in the aqueous 

phase (de Matos et al., 2001; Dewey et al., 2021).
In summary, Pb species were mainly easily extractable forms linked 

to POM in ZH1 and ZH3 layers, and possibly to mineral fractions 
(reducible Fe/Mn oxyhydroxide phases and clay) in ZH2 layer (mining 
deposits). Additionally, refractory crystalline minerals, including 
plumbogummite, Pb-rich barite and sulfide minerals were identified, 
along with inherited minerals from granite weathering and former U 
mining activities.

3.4.3. Copper speciation in soil layers
The μ-XRF Cu maps of the ZH2 layer revealed high-grade Cu particles 

measuring 8–250 μm (Fig. 7b). Although standard Cu μ-XANES spectra 
for chalcopyrite were not recorded, the Cu μ-XANES spectra 3, 4 and 5 in 
Fig. 9 were attributed to these species based on SEM observations and 
the typical Cu pre K-edge and K-edge for standard spectra (8979 and 
8986 eV) from previous studies (England et al., 1999; Nevidomskaya 
et al., 2021; Ohta and Kubota, 2016). Small-size (3–5 μm) chalcopyrite 
(CuFeS2) crystals were observed at 11–14 cm depth in the ZH2 layer 
(Fig. 5), where Cu enrichment was particularly significant (Igeo > 2; 

Fig. 6. Mass percentages of U, Cu, Pb, and Fe relative to their initial total content in the selected ZH core bulk samples at various depths, determined by a) CBA and 1 
mol.L− 1 HCl single-step extraction and b) the BCR sequential extraction. These values represent the proportion of each metal associated with operationally defined 
geochemical fractions, reflecting their potential mobility and environmental availability.
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Fig. 4). The Cu μ-XANES spectra 1 and 2 (Fig. 9a and b), the pre-edge at 
8979 eV disappeared, suggesting chalcopyrite oxidation (England et al., 
1999; Liu et al., 2015). Furthermore, the BCR F3 step extracted 47–57% 
of total Cu from ZH2 layer (mining deposits). Post-extraction SEM an
alyses of solid residues confirmed extraction of copper sulfide minerals 
consistent with its known ability to oxidize refractory sulfide species, 
such as chalcopyrite (Cardoso Fonseca and Martin, 1986). The 1 mol.L− 1 

HCl extraction from the ZH2 layer (mining deposits) mobilized 46–89% 
of total Cu (Fig. 6). Post-extraction SEM analyses revealed partial 
dissolution of chalcopyrite crystals, as evidenced by etching and surface 

alteration features (Fig. S4). Although copper sulfide compounds, such 
as covellite (CuS), chalcocite (CuS2), chalcopyrite (CuFeS2) and pyrite 
(FeS2) are generally poorly soluble in HCl solution at various concen
trations (0.5–6 mol.L− 1) (Cooper and Morse, 1998; Heron et al., 1994; 
Praharaj and Fortin, 2004; Ueshima et al., 2019).

Chemical extraction experiments targeting Cu associated to reduc
ible Fe/Mn oxyhydroxides showed very low contents: 0.8–5.4% and 
8–13% for the CBA and BCR F2 step, respectively. However, Cu in sul
fate minerals could have also been dissolved during these extractions 
(Macías et al., 2017). The BCR F1 step yielded more Cu from the BNL- 

Fig. 7. Pb (a) and Cu (b) μ-XRF maps of the mining deposit sample at 16–18 cm depth. Areas with the highest concentrations appeared are shown in red, and the 
lowest in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Pb LIII-edge μ-XANES spectra A to P obtained for particles in the layer ZH2 at 16–18 cm depth, and Pb-LIII-edge μ-XANES spectra Q to R for particles in the 
layer ZH1 at 5–8 cm depth. The dotted lines highlight the differences in characteristics between the reference spectra.
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derived sublayer (37%) than from the Rophin-derived sublayer (16%). 
BNL samples contained chalcopyrite crystals and low POC, while higher 
POC in Rophin samples could led to higher stability of Cu-POM species. 
Similarly, very low Cu contents were found for ZH1 and ZH3 samples 
(Fig. 6, Fig. S9). These results aligned with previous studies showing 
strong affinity for POM (Manceau and Matynia, 2010; Fulda et al., 
2013), with Cu forming stable complexes due to its high charge/radius 
ratio (Covelo et al., 2007a, 2007b; Manceau and Matynia, 2010; Vega 
et al., 2006). Moreover, Cu association with clay minerals like vermic
ulite or smectite in mining deposits (their presence being confirmed by 
XRD) could not be excluded (Covelo et al., 2007a, 2007b; Manceau and 
Matynia, 2010; Vega et al., 2006).

In summary, in the BNL-originated deposit sub-layer, Cu speciation 
was broadly divided into easily and poorly extractable species, sug
gesting the coexistence of reactive and more stable Cu pools. The 
chemical treatment of BNL-ore, water table fluctuations and redox 
changes occurring in the wetland (Martin et al., 2020, 2021) could have 
caused partial oxidation of chalcopyrite, the main crystalline Cu mineral 
species identified in the BNL-originated deposit. The mechanical treat
ment of BNL ore along with episodic oxygen exposure during low-water 
periods and wet–dry cycling in the wetland can promote sulfide oxida
tion by increasing mineral surface reactivity and oxygen diffusion. This 
process may result in the release of Cu and Fe and the formation of more 
soluble species such as Cu adsorbed on mineral surfaces, Cu-sulfate, thus 
increasing Cu mobility. High Cu levels recorded in POC-rich layers (ZH1, 
ZH3) and the Rophin-derived sub-layer were in good agreement with 
vertical redistribution of easily extractable Cu from the BNL-originated 
mining deposits to the POC-rich layers.

3.4.4. Iron speciation in soil layers
In the wetland, Fe was mainly associated with refractory mineral 

phases (63–82% of total Fe) resistant to 1 mol.L− 1 HCl, consistent with 
BCR F4 step results (34–79% of total Fe) targeting the residual fraction 
(Fig. 6). XRD and SEM analyses indicated Fe was mainly present as 
biotite and clay minerals (e.g., vermiculite and illite), with minor con
tributions from refractory phases such as sulfide (pyrite, altered chal
copyrite), titanium oxide, or plumbogummite (Fig. S4-S6, Table S5-S6). 
The absence of Fe-sulfides after the BCR F3 step, in the BNL-derived sub- 

layer marked by chalcopyrite crystals, confirmed that these phases were 
digested with H2O2 (Fig. S6). In addition, 32–35% of total Fe were 
extracted during the BCR F2 step in ZH1 and ZH3 layers, suggesting a 
significant Fe oxyhydroxides fraction.

Total Fe contents were similar across the three layers (7000–8500 
mg.kg− 1), except in the BNL-derived and mixing sublayers (ZH2), where 
low levels were found (4435 and 4687 mg.kg− 1; Fig. S9). These differ
ences could be attributed to the presence of POC in ZH1, ZH3 layers and 
the Rophin-derived sub-layers (ZH2), which also led to higher extract
able Fe amounts in the BCR F1-F3 steps, consistent with 1 mol.L− 1 HCl 
and CBA extractions results (Fig. 6, Fig. S9). In addition, ZH2 sub-layers 
could contain less hematite – likely contributing to the BCR F2 step – as 
suggested in the detailed metallogenic study of the BNL ore (Cuney, 
1978).

3.4.5. Overview of the elemental fractionation within the various soil layers
In conclusion, U, Cu, and Pb were largely present as low-extractable 

species bound to POM in POC-rich layers (ZH1 and ZH3), consistent with 
previous local studies (Martin et al., 2020, 2021; Grangeon et al., 2023; 
Geng et al., 2024). In contrast, in mining deposits derived from BNL and 
Rophin treatment ores (ZH2), these metals were mainly found associ
ated with reducible Fe oxyhydroxides and clays. Metal speciation affects 
mobility and contamination potential of soils/groundwaters during 
hydrological events like floodings or droughts. Water table fluctuations 
and associated redox shifts could have driven vertical and/or lateral 
redistribution of metals from U-mining deposits to the POC-rich layers, 
likely through desorption and/or dissolution mechanisms of metal- 
bearing species (Stetten et al., 2018b; Sharma et al., 2022). Addition
ally, single-step and sequential chemical extractions from mining- 
impacted layers, supported with mineralogical data, revealed signifi
cant differences in the reactivity and extractability of adsorbed species 
(BCR F1 step) and in the diversity of metal-bearing crystalline phases.

To further explore these differences, normalized deionized water 
leaching tests were performed and discussed in the next section.

3.5. Metal leachability from the different soil layers

Natural wetlands are known to efficiently sequestrate uranium and 

Fig. 9. a) and b) Examples of Cu K-edge μ-XANES spectra (from 1 to 5) obtained on the PUMA beamline at SOLEIL synchrotron facility for particles identified 
preliminary by μ-XRF mapping in layer ZH2 at 16–18 cm depth. Mineral phases are indicated for the one identified. The panel b) corresponds to a zoom on the pre- 
edge and features of Cu K-edge μ-XANES spectra between 8960 and 8990 eV.
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trace metals (Stetten et al., 2018b; Lefebvre et al., 2022; Wang et al., 
2014; Lin et al., 2024; Li et al., 2014). Their high capacity for metals 
sequestration is largely attributed to the abundance of reactive Fe oxy
hydroxides, clays minerals, and POM, which promote metal immobili
zation through adsorption, co-precipitation, complexation, and 
reductive transformation processes (Grybos et al., 2007; Stetten et al., 
2018b; Lefebvre et al., 2022; Wang et al., 2014; Lin et al., 2024; Li et al., 
2014; Owen and Otton, 1995; Schöner et al., 2009). In mining-impacted 
wetlands worldwide, Fe- and organic-rich soils and sediments have been 
shown to act as major repositories for metals transported from upstream 
mining areas, leading to substantial long-term accumulation within 
depositional zones (Sobolewski, 1999; Li et al., 2014; Wang et al., 2013; 
Stetten et al., 2018b). However, long-term metal retention in wetlands 
could be influenced by seasonal hydrological fluctuations and POM 
dynamics, which regulated redox conditions and metal speciation 
(Stetten et al., 2018b; Kaplan et al., 2017, 2024). Flooding events, 
commonly reported in both natural and mining-impacted wetlands, 
could induce sharp decreases in oxygen levels, promoting anaerobic 
bacterial activity and reductive dissolution of metal-bearing Fe(III) and 
Mn(III/IV) oxyhydroxides (Weber et al., 2009). Such redox-driven 
transformations may release previously immobilized U and trace 
metals into porewaters and potentially into overlying surface waters. In 
addition to redox processes, flood events can also enhance the physical 
mobilization of contaminants as particulate transport. The resuspension 
of fine particles and the transport of metal-bearing colloids can become a 
pathway for downstream export in wetland (Wang et al., 2013).

Dry events also influence metal redistribution in wetland systems. It 
could promote the oxidation of metal-bearing sulfides and other reduced 
forms in oxic condition during low-water stages, leading to the forma
tion of secondary phases (Bostick et al., 2001; Hofmann and Schuwirth, 
2008; Courtin-Nomade et al., 2009; Kimball et al., 2010). Similar 
oxidative transformations have been reported for reduced U-phases, 
including U(IV) phosphates, which may partially reoxidize under pro
longed exposure to oxygen (Stetten et al., 2018b, 2020). However, 
already oxidized Cu–Pb phases in mining deposits (e.g., plumbo
gummite, Cu sulfates) would be expected to be stable or evolved into 
more stable forms, supporting long-term Cu and Pb sequestration 
(Nriagu, 1974; Baker et al., 2014).

To access metal leachability, the normalized leaching test NF-EN 
12457-2 (Kosson et al., 2002) was conducted. Dissolved metal concen
trations and corresponding mass removals for ZH soil samples were 
determined in Table 2 and Fig. 10. No significant pH changes occurred 
during these tests (pH = 4.6–5.1). It should be noted that redox-sensitive 
elements like U could have changed during sampling and storage; 
therefore, results should be considered and interpreted under oxidizing 
conditions. Although the absence of porewater chemistry data limits 
direct assessment of U and associated metals mobilities under in situ 
conditions, previous studies report similar pH range as well as redox- 

sensitive fluctuations (Grangeon et al., 2023; Martin et al., 2020, 
2021; Montavon et al., 2025), that are consistent with the solid-phase 
reactivity patterns observed in this work. Previous studies on the 
wetland soils with high-resolution pore-water profiles indicate that 
radium exhibits increasing 226Ra concentrations with depth reflecting i) 
a downward migration of 226Ra or ii) a Kd value much lower in a pale
osoil region (Boudias et al., 2024).

The highest Cu, Pb and U concentrations were observed in leachates 
from the BNL-derived sublayer (located at 11–14 cm depth in Fig. 10), 
with values of 3165, 1378, and 3475 μg.L− 1, respectively. These yielded 
mass removal of 31.65, 13.78 and 34.75 mg.kg− 1, respectively. In 
contrast, the normalized deionized water extraction on the Rophin- 
derived sublayer (located at 18–20 cm depth in Fig. 10) showed lower 
Cu, Pb and U concentrations (90, 940, and 890 μg.L− 1, respectively) and 
mass removals (0.94, 8.90 and 9.43 mg.kg− 1, respectively).

Although the deionized water extraction does not reproduce the full 
chemical complexity of wetland porewaters. These results show that a 
small fraction of U remains exchangeable under near-natural conditions, 
while the majority of U is associated with less reactive phases. Consis
tently, Montavon et al. (2025) investigated mining materials collected 
from the same wetland, excluding the organic layers considered here, 
and showed that only a limited proportion of U (1–10%) behaves as a 
labile pool under near-natural conditions, characterized by relatively 
low Kd,labile values (20–80 L⋅kg− 1), whereas most U remains inert. 
Within a mechanistic framework described in Coppin et al., 2023, and 
using the solid/liquid ratio defined by the NF EN 12457–2 standard for 
the normalized test in the present study, the average U concentrations 
extractable by deionized water were theoretically estimated for the 
following samples, based on the two methodologies reported by Mon
tavon et al. (2025): AD-1,2,4: 2.9 mg.L− 1; E 0.2–0.6 mg.L− 1; F: 2.8–3.1 
mg.L− 1; G: 1.1 mg.L− 1; and H: 4.2–5.1 mg.L− 1. All the values fall within 
the same range as those measured for mining materials in the present 
study (Table 2), supporting the consistency between both datasets. 
These findings suggest that the deionized water test effectively captures 
the readily exchangeable or weakly bound fraction of U in those samples 
(Montavon et al., 2025). These findings suggest that U lability in these 
soils is not directly proportional to total uranium content but rather 
controlled by the reactivity of surface-bound species and their response 
to redox and hydrological fluctuations, with implications for long-term 
U mobility under changing environmental conditions.

These results also highlighted distinct geochemical behaviors be
tween the two U-mining materials, consistent with earlier mineralogical 
observations (Section 3.3). Long-term exposure to oxygen, combined 
with seasonal wet-dry cycles characteristic of the wetland, could pro
mote sulfide oxidation and increase mineral surface area. It could pro
mote the development of micro-fractures in sulfide (Liu et al., 2021), as 
well as facilitate oxygen diffusion and the concomitant release of trace 
metals from this mineral phase (Nordstrom, 2011). In BNL-derived 
materials, inherited primary ore minerals (if still present at the 
moment of the deposition in the wetland) such as pitchblende (UO2) and 
chalcopyrite (CuFeS2), are thermodynamically unstable under oxidizing 
conditions, promoting U(VI) release and sulfide oxidation, which in turn 
favors the formation of Fe-oxyhydroxides and secondary U phases 
(Steudel, 2020; Grenthe et al., 2011). Those could explain the persis
tence of a measurable available U and Cu fraction by the leaching test. 
The higher Cu and U extractability in the BNL-derived sublayer likely 
could reflect partial chalcopyrite dissolution and the presence of less 
stable sorbed U species (Section 3.4). concentrations and the absence of 
chalcopyrite crystals in the Rophin-derived sub-layer could explain its 
lower reactivity compared to the BNL-derived sub-layer.

Metal extractability was also higher for Pb in the BNL-derived sub- 
layer (13.78 mg.kg− 1 vs 8.90 mg.kg− 1 for the Rophin-derived sub-layer), 
though less markedly than for Cu and U. A radiogenic Pb signature 
(206Pb/207Pb ≈ 1.8) in the leachate from this sublayer suggested redis
tribution of Pb isotopes from U-rich grains to more labile phases (e.g., 
clays, Fe/Mn oxyhydroxides). Lower extraction capacity at 8–11 cm 

Table 2 
Fe, Cu, Pb and U concentration (mg.L− 1) extracted using the leaching procedure 
NF EN 12457-2 in each horizon of the soil core ZH; Relative Standard Deviations 
(%) are indicated under elements.

Soil core layer Depth [cm] Cu Zn U Pb

<1% <1% <1% <5%

ZH1 1.5 0.106 0.113 0.235 0.193
6.5 0.111 0.095 0.272 0.092

BNL impacted layer 9.0 0.160 0.062 0.290 0.088
10.5 0.226 0.028 0.455 0.114
12.5 3.165 0.527 3.475 1.378

Mining deposit mixing 15.0 0.274 0.143 1.853 0.847
17.0 0.702 0.170 2.932 0.759

Rophin impacted layer 19.0 0.094 0.201 0.943 0.89
21.0 0.090 0.337 0.393 0.461

ZH3 27.0 0.006 0.048 0.033 0.029
41.0 0.001 0.017 0.042 0.239
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depth could likely reflect reduced U oxide abundance and higher POC 
content.

The Rophin-derived sub-layer is characterized by a higher abun
dance of secondary U-bearing phases (e.g., U adsorbed forms) and 
phosphate minerals (e.g., plumbogummite), which are more stable 
under oxic conditions than sulfide assemblages. The solubility of the 
Rophin-primary ore phases indeed contributes to their contrasting 
behavior. For instance, parsonsite dissolution can be expressed as: 

Pb2
(
UO2

)
(PO4)2⇌2Pb2+

+ UO2
2+ + 2PO4

3− (
log Ksp ≈ − 45.8

)
(1) 

Autunite dissolution as: 

Ca(UO2)2(PO4)2⋅3H2O⇌Ca2+ + 2UO2
2+ + 2PO4

3− + 3H2O
(
log Ksp

≈ − 48.36
)

(2) 

and torbernite dissolution as: 

Cu(UO2)2(PO4)2⋅8H2O⇌Cu2+ + 2UO2
2+ + 2PO4

3− + 8H2O
(
log Ksp

≈ − 41.0
)

(3) 

These logarithmic solubility product constants (log Ksp) indicate 
moderate thermodynamic stability compared to extremely insoluble Pb- 
phosphate phases such as plumbogummite: 

PbAl3(PO4)2(OH)5⋅H2O⇌Pb2+
+ 3Al3+ + 2PO4

3− + 5OH−

+ H2O
(
log Ksp

≈ − 99.3
)

(4) 

and pyromorphite (Gorman-Lewis et al., 2009; Nriagu, 1974): 

Pb5(PO4)3Cl⇌5Pb2+
+ 3PO4

3− + Cl−
(
log Ksp ≈ − 84.4

)
(5) 

This could account for the limited occurrence of parsonsite and 
torbernite minerals in the analyzed samples. While plumbogummite and 
pyromorphite are typically secondary phases that may form following 
the dissolution and redistribution of these primary Pb- and U-bearing 
minerals (Nriagu, 1974), contributing to long-term Pb immobilization in 
weathered environments.

These mineralogical differences between BNL and Rophin derived 
sub-layers lead to distinct long-term leaching behaviors, with Rophin- 

derived deposits showing greater resistance to oxidative remobilization.
In addition to mineralogical influence, POM plays a key role in sta

bilizing U in Rophin-derived deposits (Section 3.4.1), through 
complexation with organic ligands, limiting its immediate availability 
for desorption with deionized water. Such associations are consistent 
with the lower labile fractions measured in this sub-layer and highlight 
the importance of organic-rich matrices influencing metal mobility.

Overall, the contrasted behavior of BNL- and Rophin-derived sub- 
layers highlights the influence of source mineralogy on long-term 
contaminant dynamics. Sulfide-rich deposits promote metal release 
under oxic and fluctuating hydrological conditions, whereas phosphate- 
and organic-rich materials favor U retention. These findings demon
strate that U mobility in mining-impacted wetlands cannot be exclu
sively predicted from present-day environmental conditions but must 
also account for the mineralogical inheritance of ore processing.

Leached Cu, Zn and Pb contents from the ZH soil core were below the 
European regulatory threshold values for non-hazardous waste 
(Table S10), indicating limited metal mobility from the wetland.

The study highlighted that uranium initially hosted in primary U- 
bearing minerals was released during alteration and subsequently 
sequestered into secondary bearing-phases such as Fe oxyhydroxides, 
clays, and organo-metallic associations, underscoring the role of post- 
depositional processes in governing U and metal speciation and 
mobility in wetland soils. This behavior is consistent with results obtain 
by Montavon et al. (2025) on samples kept under anoxic conditions from 
the same wetland. With U being predominantly retained as surface- 
bound species, likely U(VI) adsorbed onto clay minerals and 
Fe–organic aggregates, while a significant proportion of adsorbed U 
exhibits desorption hysteresis and behaves operationally as inert 
(Montavon et al., 2025). The consistency between our findings and those 
reported for mining-impacted wetlands underscores the key processes 
on metal mobility, such as the dominant control of redox oscillations, 
OM, and mineralogical inheritance. The detailed characterization of 
contaminant-hosting phases and their reactivity offered key input data 
for predictive geochemical and transport models for evaluating the long- 
term fate of mining-influenced sites.

4. Conclusion

This study confirmed that the downstream wetland at the former 
Rophin U mining site (France) was influenced by mining deposit sources 

Fig. 10. Amounts of metals leached from the NF-EN-12457 leaching tests expressed in a) percentage of metal leached compared to the total elemental amount and b) 
in mass metal removal. The distinction of three well-defined geochemical layers within the “ZH” soil core was explained in Section 3.1.
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from the former processing of BNL (pitchblende) and Rophin (parson
site) ores. Regarding the origin of metals, the combination of U miner
alogy and stable Pb isotopic data allowed the identification of BNL and 
Rophin ore-derived deposits as the primary sources of U, Pb, and Cu in 
the wetland sediments, clearly linking historical mining activities to 
downstream metal accumulation. According to the combination of 
mineralogical, speciation and chemical extraction data, this work 
highlighted the significant redistribution of U and associated minerals 
from primary ore minerals to secondary phases, affecting their mobility 
and long-term stability with time and depth during pedogenesis pro
cesses. The main metal-bearing phases identified included Fe oxy
hydroxides, clay minerals, and to a lesser extent, particulate organic 
matter. In addition, metals were also hosted by rarer phases, such as U 
oxides, phosphates like plumbogummite, Ti oxides, Cu and Pb sulfides 
and sulfates. The reactivity of metal-bearing phases showed that metals 
were over twice as extractable from BNL compared to the ones from 
Rophin source. In contrast, minimal extraction for Cu, Pb, Zn and U from 
the organic-rich surface soils confirmed the strong metal-binding ca
pacity of natural organic matter in wetland system, thus limiting their 
mobility. Although microbial processes were not directly investigated in 
this study, they are likely to contribute to Cu, Fe and U redox cycling in 
the wetland. Iron- and sulfate-reducing microorganisms may indirectly 
influence redox sensitive elements (e.g., U, Fe, Mn) speciation by 
modifying the redox state and/or crystallinity of Fe-bearing phases 
(Chang et al., 2014; Kaplan et al., 2024; Wang et al., 2014; Bargar et al., 
2008). The present study thus establishes a geochemical framework 
within which biologically mediated processes may occur. These findings 
help to improve our understanding of U and associated metals fate in 
historically contaminated wetlands and the ability of such systems to 
accommodate anthropogenic deep modifications. All this information 
could be helpful for improving geochemical transport models able to 
predict the fate of metals in wetlands.
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Schöner, A., Noubactep, C., Büchel, G., Sauter, M., 2009. Geochemistry of natural 
wetlands in former uranium milling sites (eastern Germany) and implications for 
uranium retention. Geochemistry 69, 91–107. https://doi.org/10.1016/j. 
chemer.2007.12.003.

Seeber, J., Seeber, G.U.H., 2005. Effects of land-use changes on humus forms on alpine 
pastureland (Central Alps, Tyrol). Geoderma 124, 215–222. https://doi.org/ 
10.1016/j.geoderma.2004.05.002.

Sekine, R., Marzouk, E., Khaksar, M., Scheckel, K., Stegemeier, J., Lowry, G., Donner, E., 
Lombi, E., 2017. Aging of dissolved copper and copper-based nanoparticles in five 
different soils: short-term kinetics vs. long-term fate. J. Environ. Qual. 46, 
1198–1205. https://doi.org/10.2134/jeq2016.12.0485.

Sharma, N., Wang, Z., Catalano, J.G., Giammar, D.E., 2022. Dynamic responses of trace 
metal bioaccessibility to fluctuating redox conditions in wetland soils and stream 
sediments. ACS Earth Space Chem. 6, 1331–1344. https://doi.org/10.1021/ 
acsearthspacechem.2c00031.

Sobolewski, A., 1999. A review of processes responsible for metal removal in wetlands 
treating contaminated mine drainage. Int. J. Phytoremediation 1, 19–51. https:// 
doi.org/10.1080/15226519908500003.

Stetten, L., Mangeret, A., Brest, J., Seder-Colomina, M., Le Pape, P., Ikogou, M., 
Zeyen, N., Thouvenot, A., Julien, A., Alcalde, G., Reyss, J.-L., Bombled, B., 
Rabouille, C., Olivi, L., Proux, O., Cazala, C., Morin, G., 2018a. Geochemical control 
on the reduction of U(VI) to mononuclear U(IV) species in lacustrine sediments. 
Geochim. Cosmochim. Acta 222, 171–186. https://doi.org/10.1016/j. 
gca.2017.10.026.

Stetten, L., Blanchart, P., Mangeret, A., Lefebvre, P., Le Pape, P., Brest, J., Merrot, P., 
Julien, A., Proux, O., Webb, S.M., Bargar, J.R., Cazala, C., Morin, G., 2018b. Redox 
fluctuations and organic complexation govern uranium redistribution from U(IV)- 

L. Darricau et al.                                                                                                                                                                                                                                Chemical Geology 708 (2026) 123332 

16 

https://doi.org/10.1016/0016-7037(78)90001-7
https://doi.org/10.1016/j.aca.2005.09.058
https://doi.org/10.1016/j.aca.2005.09.058
http://refhub.elsevier.com/S0009-2541(26)00101-4/rf0330
http://refhub.elsevier.com/S0009-2541(26)00101-4/rf0330
http://refhub.elsevier.com/S0009-2541(26)00101-4/rf0330
http://refhub.elsevier.com/S0009-2541(26)00101-4/rf0330
http://refhub.elsevier.com/S0009-2541(26)00101-4/rf0330
https://doi.org/10.1016/j.gca.2022.10.018
https://doi.org/10.1016/j.gexplo.2012.03.006
https://doi.org/10.1016/j.gexplo.2012.03.006
https://doi.org/10.1016/j.jenvrad.2013.10.017
https://doi.org/10.1016/j.jenvrad.2013.10.017
https://doi.org/10.1016/S0016-7037(99)00265-3
https://doi.org/10.1016/S0016-7037(99)00265-3
https://doi.org/10.3390/w16070966
https://doi.org/10.1016/j.minpro.2015.02.008
https://doi.org/10.1016/j.powtec.2020.12.038
https://doi.org/10.1016/j.jclepro.2016.09.181
https://doi.org/10.1016/j.gca.2010.01.027
https://doi.org/10.1016/j.gca.2010.01.027
https://doi.org/10.1016/j.scitotenv.2020.141295
https://doi.org/10.1016/j.scitotenv.2020.141295
https://doi.org/10.1016/j.chemosphere.2021.130526
https://doi.org/10.1016/j.chemosphere.2021.130526
https://doi.org/10.1021/acsomega.0c06052
https://doi.org/10.1021/acsomega.0c06052
https://doi.org/10.1021/acs.est.6b03688
https://doi.org/10.1007/s11356-020-10074-x
https://doi.org/10.1021/acs.est.5c04144
https://doi.org/10.1021/acs.est.5c04144
https://doi.org/10.2138/am-1999-0327
https://doi.org/10.2138/am-1999-0327
https://doi.org/10.1016/S0003-2670(02)01485-X
https://doi.org/10.1016/S0003-2670(02)01485-X
https://doi.org/10.1007/s10653-020-00693-1
https://doi.org/10.1016/j.scitotenv.2017.01.109
https://doi.org/10.1016/j.apgeochem.2011.06.002
https://doi.org/10.1016/j.apgeochem.2011.06.002
https://doi.org/10.1016/0016-7037(74)90062-3
https://doi.org/10.1016/0016-7037(74)90062-3
https://doi.org/10.1111/j.1751-908X.2015.00335.x
https://doi.org/10.1111/j.1751-908X.2015.00335.x
https://doi.org/10.1016/0925-8574(95)00013-9
https://doi.org/10.1016/j.chemosphere.2018.01.108
https://doi.org/10.1023/B:WATE.0000026526.26339.c3
https://doi.org/10.1021/es2041652
https://doi.org/10.1016/0003-2670(96)00227-9
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1016/j.gca.2010.01.007
https://doi.org/10.1007/s002160100753
https://doi.org/10.1007/s002160100753
https://doi.org/10.1016/S0025-326X(00)00039-4
https://doi.org/10.1007/s12665-014-3886-1
https://doi.org/10.1016/j.gca.2004.01.005
https://doi.org/10.1016/j.chemer.2007.12.003
https://doi.org/10.1016/j.chemer.2007.12.003
https://doi.org/10.1016/j.geoderma.2004.05.002
https://doi.org/10.1016/j.geoderma.2004.05.002
https://doi.org/10.2134/jeq2016.12.0485
https://doi.org/10.1021/acsearthspacechem.2c00031
https://doi.org/10.1021/acsearthspacechem.2c00031
https://doi.org/10.1080/15226519908500003
https://doi.org/10.1080/15226519908500003
https://doi.org/10.1016/j.gca.2017.10.026
https://doi.org/10.1016/j.gca.2017.10.026


phosphate minerals in a mining-polluted wetland soil, Brittany, France. Environ. Sci. 
Technol. 52, 13099–13109. https://doi.org/10.1021/acs.est.8b03031.

Stetten, L., Lefebvre, P., Le Pape, P., Mangeret, A., Blanchart, P., Merrot, P., Brest, J., 
Julien, A., Bargar, J.R., Cazala, C., Morin, G., 2020. Experimental redox 
transformations of uranium phosphate minerals and mononuclear species in a 
contaminated wetland. J. Hazard. Mater. 384, 121362. https://doi.org/10.1016/j. 
gca.2022.10.018.

Steudel, R., 2020. The Chemical Sulfur Cycle. https://doi.org/10.2166/9781789060966_ 
0011.

Syed, H., 2006. Comparison studies adsorption of thorium and uranium on pure clay 
minerals and local Malaysian soil sediments. J. Radioanal. Nucl. Chem. 241, 11–14. 
https://doi.org/10.1007/bf02347283.

Tessier, A., Campbell, P.G.C., Bisson, M., 1979. Sequential extraction procedure for the 
speciation of particulate trace metals. Anal. Chem. 51, 844–851. https://doi.org/ 
10.1021/ac50043a017.

Ueshima, M., Hashimoto, Y., Sakanakura, H., 2019. Chemical stability of framboidal 
pyrite containing geogenic arsenic in alluvial sediments. J. Environ. Qual. 48, 
1907–1912. https://doi.org/10.2134/jeq2019.04.0174.

Veeramani, H., Alessi, D.S., Suvorova, E.I., Lezama-Pacheco, J.S., Stubbs, J.E., Sharp, J. 
O., Dippon, U., Kappler, A., Bargar, J.R., Bernier-Latmani, R., 2011. Products of 
abiotic U(VI) reduction by biogenic magnetite and vivianite. Geochim. Cosmochim. 
Acta 75, 2512–2528. https://doi.org/10.1016/j.gca.2011.02.024.

Vega, F.A., Covelo, E.F., Andrade, M.L., 2006. Competitive sorption and desorption of 
heavy metals in mine soils: influence of mine soil characteristics. J. Colloid Interface 
Sci. 298, 582–592. https://doi.org/10.1016/j.jcis.2006.01.012.

Wang, Y., Frutschi, M., Suvorova, E., Phromavanh, V., Descostes, M., Osman, A.A.A., 
Geipel, G., Bernier-Latmani, R., 2013. Mobile uranium(IV)-bearing colloids in a 
mining-impacted wetland. Nat. Commun. 4, 2942. https://doi.org/10.1038/ 
ncomms3942.

Wang, Y., Bagnoud, A., Suvorova, E., McGivney, E., Chesaux, L., Phrommavanh, V., 
Descostes, M., Bernier-Latmani, R., 2014. Geochemical control on uranium(IV) 
mobility in a mining-impacted wetland. Environ. Sci. Technol. 48, 10062–10070. 
https://doi.org/10.1021/es501556d.

Weber, F.A., Voegelin, A., Kretzchmar, R., 2009. Multi-metal contaminant dynamics in 
temporarily flooded soil under sulfate limitation. Geochim. Cosmochim. Acta 73, 
5513–5527. https://doi.org/10.1016/j.gca.2009.06.011.

Wei, Y.L., Yang, Y.W., Lee, J.F., 2005. Lead speciation in 0.1 N HCl-extracted residue of 
analog of Pb-contaminated soil. J. Electron Spectrosc. Relat. Phenom. 144-147, 
299–301. https://doi.org/10.1016/j.elspec.2005.01.218.

Yokoyama, T., Makishima, A., Nakamura, E., 1999. Evaluation of the coprecipitation of 
incompatible trace elements with fluoride during silicat rock dissolution by acid 
digestion. Chem. Geol. 157, 175–187. https://doi.org/10.1016/S0009-2541(98) 
00206-X.

Yu, Z., Liu, E., Lin, Q., Zhang, E., Yang, F., Wei, C., Shen, J., 2021. Comprehensive 
assessment of heavy metal pollution and ecological risk in lake sediment by 
combining total concentration and chemical partitioning. Environ. Pollut. 269, 
116212. https://doi.org/10.1016/j.envpol.2020.116212.

Zhou, P., Gu, B., 2005. Extraction of oxidized and reduced forms of uranium from 
contaminated soils: effects of carbonate concentration and pH. Environ. Sci. Technol. 
39, 4435–4440. https://doi.org/10.1021/es0483443.

L. Darricau et al.                                                                                                                                                                                                                                Chemical Geology 708 (2026) 123332 

17 

https://doi.org/10.1021/acs.est.8b03031
https://doi.org/10.1016/j.gca.2022.10.018
https://doi.org/10.1016/j.gca.2022.10.018
https://doi.org/10.2166/9781789060966_0011
https://doi.org/10.2166/9781789060966_0011
https://doi.org/10.1007/bf02347283
https://doi.org/10.1021/ac50043a017
https://doi.org/10.1021/ac50043a017
https://doi.org/10.2134/jeq2019.04.0174
https://doi.org/10.1016/j.gca.2011.02.024
https://doi.org/10.1016/j.jcis.2006.01.012
https://doi.org/10.1038/ncomms3942
https://doi.org/10.1038/ncomms3942
https://doi.org/10.1021/es501556d
https://doi.org/10.1016/j.gca.2009.06.011
https://doi.org/10.1016/j.elspec.2005.01.218
https://doi.org/10.1016/S0009-2541(98)00206-X
https://doi.org/10.1016/S0009-2541(98)00206-X
https://doi.org/10.1016/j.envpol.2020.116212
https://doi.org/10.1021/es0483443

	Redistribution of uranium and co-occurring metals from mining-inherited deposits recorded in a wetland
	1 Introduction
	2 Material and methods
	2.1 Site description
	2.2 Sampling and on-site measurement procedures
	2.3 Reagents, materials, and solutions
	2.4 Elemental analysis of the samples
	2.4.1 Soil treatment
	2.4.2 Loss on ignition, carbon, nitrogen and sulfur analyses
	2.4.3 Total acid digestion and fusion procedure
	2.4.4 Chemical extractions for Cu, Fe, Pb and U
	2.4.5 Elemental analysis

	2.5 Geochemical index methods
	2.6 Mineralogical analyses
	2.7 Radiogenic Pb detection and location by SIMS
	2.8 Micro X-ray fluorescence and X-ray absorption near-edge structure
	2.8.1 μ-XRF and Cu K-edge μ-XANES analysis on PUMA
	2.8.2 μ-XRF and Pb LIII-edge μ-XANES analysis on Diffabs


	3 Results and discussion
	3.1 Wetland soil characteristics
	3.2 Origin of U in mining deposits
	3.2.1 Detection of radiogenic Pb
	3.2.2 BNL origin
	3.2.3 Rophin origin
	3.2.4 Vertical partitioning of mining deposits

	3.3 Metal enrichment indexes
	3.4 Metal speciation in the various soil layers
	3.4.1 Uranium speciation in soil layers
	3.4.2 Lead speciation in soil layers
	3.4.3 Copper speciation in soil layers
	3.4.4 Iron speciation in soil layers
	3.4.5 Overview of the elemental fractionation within the various soil layers

	3.5 Metal leachability from the different soil layers

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


