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Uranium mining in France:
From 1948 to 2001

50 millions tons of tailings with activities > 105 Bq/kg
Waste stored in 17 sites registered as ICPE

French waste storage sites (Source: ANDRA) 
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Uranium mining in France:
From 1948 to 2001

50 millions tons of tailings with activities > 105 Bq/kg
Waste stored in 17 sites registered as ICPE

Societal and Environmental issues :
Long term behavior of radionuclides (RN)

Safety of tailings waste storage sites
Effects of low concentrations RN on ecosystems

French waste storage sites (Source: ANDRA) 



ZATU program: A multidisciplinary approach towards a better understanding of RN behavior in 
the environment

Application to the old mining site of Rophin (Puy-de-Dôme, France)

INTEGRATIVE MODEL
Predicting 

environmental 
behavior of RN

Site description

Hydrodynamics
Geological layers

Geochemistry

Mineralogy
Water composition

RN Reactivity

Lability : inert/labile
Speciation

RN Transport

To plant/microorganism
Through colloids
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ZATU program: A multidisciplinary approach towards a better understanding of RN behavior in 
the environment

Application to the old mining site of Rophin (Puy-de-Dôme, France)

INTEGRATIVE MODEL
Predicting 

environmental 
behavior of RN

Site description

Hydrodynamics
Geological layers

Geochemistry

Mineralogy
Water composition

RN Reactivity

Lability : inert/labile
Speciation

RN Transport

To plant/microorganism
Through colloids

This study
Identifying colloidal particles involved in Uranium migration across Rophin wetland 
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Rophin Site (Puy-de-Dôme, France)
• High concentration of radioactive materials (≈30 000 tons of mining waste)

• Practically untouched since the 1950s
• Storage in environmental conditions
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Rophin Site (Puy-de-Dôme, France)
• High concentration of radioactive materials (≈30 000 tons of mining waste)

• Practically untouched since the 1950s
• Storage in environmental conditions

A very valuable site to study long term behavior of RN in environmental conditions 7
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Stream Water

4 collection points along the 
stream crossing the wetland

Pore Water

Pore water obtained by centrifugation of the 4 
layers from a soil core

Natural Organic Matter (NOM) Extracts

Surface soil sampled : 
6 Successive extractions

-3 using HCl 0.1M
-3 using NaOH 0.1M

❖ Upstream 
❖ Confluence

❖ Exort 
❖ Downstream

9 25 31 470 Depth (cm)

Sampling points location (January 2023 / March 2024) 8
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Colloidal : “Refers to a state of subdivision, implying that the molecules
or polymolecular particles dispersed in a medium have, at least in one
direction, a dimension roughly between 1 nm and 1 µm”

(IUPAC, 2019)
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Colloidal : “Refers to a state of subdivision, implying that the molecules
or polymolecular particles dispersed in a medium have, at least in one
direction, a dimension roughly between 1 nm and 1 µm”

Two size-based fractionation methods 
coupled to multiple detectors

Asymmetric Flow Field-Flow Fractionation

UVD MALS

ICP-MS RI

Liquid Chromatography

UVD OCD

ICP-MS OND

UVD : Ultra-Violet Detector
MALS : Multi Angle Light Scaterring

RI : Refractive Index
OCD : Organic Carbon Detector

OND : Organic Nitrogen Detector
ICP-MS : Inductively Coupled Plasma – Mass Spectrometer

Presented here

(IUPAC, 2019)

AF4

LC
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OCD  UVD  ICP-MS
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Bigger BiggerSmallerSmaller

OCD  UVD  ICP-MS

Size Calibration: Injection of monodisperse particles of known size
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Organic Colloids 
Characterization

OCD UVD  ICP-MS

➢ Size of detected organic colloids range from 1 to 6 kDa
➢ Humic-like Substances are the most abundant fraction (>50% of TOC) for all samples
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Organic Colloids 
Characterization

OCD UVD  ICP-MS
Humic-like Substances = Biomass residues

Low Molecular Weight compounds

Building Blocks = Breakdown products of HS

➢ Size of detected organic colloids range from 1 to 6 kDa
➢ Humic-like Substances are the most abundant fraction (>50% of TOC) for all samples
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Inorganic Colloids 
Characterization

OCD UVD ICP-MS
Humic-like Substances = Biomass residues

Low Molecular Weight compounds

Building Blocks = Breakdown products of HS
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Inorganic Colloids 
Characterization

OCD UVD ICP-MS
Humic-like Substances = Biomass residues

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS
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Inorganic Colloids 
Characterization

OCD UVD ICP-MS
Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

➢ Size of detected inorganic colloids range from 20 to 60 nm
➢ Bigger inorganic colloids are found in Pore Waters
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Pb SpeciationOCD  UVD  ICP-MS

Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

➢ Pb mainly eluting with inorganic colloids
➢ Consistent with peak attribution from OCD and UVD

Inorganic Colloids
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Th SpeciationOCD  UVD  ICP-MS

Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

➢ Th mainly eluting with organic colloids (Stream Water) or with inorganic colloids (Pore Water/SOM Extract)
➢ Consistent with peak attribution from OCD and UVD

Inorganic Colloids
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OCD  UVD  ICP-MS U Speciation

Nitrates

Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

➢ Dissolved fraction (<1kDa/1nm) is not visible in AF4
➢ ICP-MS detection is semi-quantitative for both LC and AF4

Inorganic Colloids
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OCD  UVD  ICP-MS U Speciation

Nitrates

Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

Carbonate complex = Free U standard in carrier phase

Inorganic Colloids
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OCD  UVD  ICP-MS U Speciation

Nitrates

Humic-like Substances = Biomass residues Humic-like Substances

Low Molecular Weight compounds

Inorganic Colloids

Nitrates

Building Blocks = Breakdown products of HS

Carbonate complex = Free U standard in carrier phase

➢ Dissolved fraction (<1kDa/1nm) is not visible in AF4
➢ ICP-MS detection is semi-quantitative for both LC and AF4

Inorganic Colloids
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Humic-like Substances = Biomass residues Humic-like Substances

Inorganic Colloids

OCD  UVD  ICP-MS U Speciation

Building Blocks = Breakdown products of HS

Carbonate complex = Free U standard in carrier phase

Stream Water Humic-like Substances

Pore Water Carbonates + Inorganic Colloids

NOM Extraction Humic-like Substances + Building Blocks 

Inorganic Colloids

Predominant U-bearing particles, based on signal deconvolutions
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BB

Inorganic Colloids

LC-OCD-UVD and AF4-UVD systems 
allowed characterization of organic and 

inorganic colloids

Coupling with ICP-MS evidenced 
differences in U speciation across aqueous 

environments of Rophin wetland

Significant proximity between natural 
samples and SOM Extraction was observed

HS

Carb

Stream Water Humic-like Substances

Pore Water Carbonates + Inorganic Colloids

NOM Extraction Humic-like Substances + Building Blocks 

LC
Methods

Results

AF4

Predominant U-bearing particles

Inorganic

Organic
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AF4

LC

Manual Filtrations

Completing colloids characterization
SAXS analysis (Inorganic)
ESI-MS analysis (Organic)

Completing Uranium speciation
Manual filtrations + ICP-MS analysis
Modelling calculation (PhreeQC/Vminteq)

Starting U/Ra – NOM reactivity experiments
Purification of Extracted NOM

Experimental complexation constant
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Size (m)

Molecular Weight (Da)

10-10 10-710-8 10-6 10-510-9

1 Å 100 nm10 nm 1 µm 10 µm1 nm

100 109106 1012 1015103

Colloidal ParticulateDissolved

Amino Acid Protein

10-4

100 µm

1018

Virus Bacteria Eukaryote

Fulvic Acid

Humic Acid

Fe Oxides

Mn Oxides

Free Ions

Backups Slides : Colloidal Range – Typical molecules in natural systems
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Backups Slides : Global parameters across Rophin wetland
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Backups Slides : Detailed Organic Colloids Characterization (LC-OCD)
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Backups Slides : Detailed Uranium Distribution (LC-ICP)
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Backups Slides : LC/AF4- ICPMS : Other analyzed elements (LC-ICP)



Elements analyzed Relevant signal
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Backups Slides : LC/AF4- ICPMS : Other analyzed elements (ICP)



Backups Slides : SOM Extraction Process
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Backups Slides : Size-based fractionation principles (LC and AF4)
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Asymmetric Flow Field-Flow 
Fractionation

Liquid Chromatography = Size 
Exclusion Chromatography



LC-OCD-OND-UVD / ICP-MS system

Pre-cleaning of mobile 
phase by UV-oxydation

Sample Injection

LC (SEC) : polyacrylate 
polymer

Org-N to NO3
-

conversion

Org-C to CO2

conversion

Organic carbon quantification

Organic nitrogen quantification

Inorganic elements 
semi-quantification

Inorg-C 
removal

Backups Slides : LC-OCD-OND-UVD-ICP-MS Flowchart
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Backups Slides : LC-OCD-OND-UVD characteristics signal peaks
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Peak name Description Eluting time (s)

Inorganic 
colloids/biopolymers

(IC/BP)
Particles with Mw > 33.5kDa

1700
(Exclusion limit)

Humic-like 
substances

(HS)

Biomass residues, major 
part of dissolved organic 
carbon in environmental 

matrixes

2100

Building Blocks
(BB)

Breakdown products of 
humic substances

2200

Low Mw compounds
(LMW)

Small organic acids and 
neutrals compounds

2400-3300

Nitrates
(N)

3200

Backups Slides : LC-OCD-OND-UVD characteristics signal peaks
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Implementing innovative methodologies for the characterization of field 
colloids and their associations with U (1st year)

I
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Main Objective :

Better understanding of colloids role in U/Ra migration for the ZATU sites

Action I.1 : Colloids characterization

Action I.2 : U distribution amongst colloidal range

Backups Slides : PhD Timeline



Main Objective :

Better understanding of colloids role in U/Ra migration for the ZATU sites

Implementing innovative methodologies for the characterization of field 
colloids and their associations with U (1st year)

Describing the reactivity of U and Ra with respect to colloids through 
laboratory experiments on model colloids (2nd year)

Bioavailability of U and transfer to microorganisms (3rd year)

I

II

III

39

Backups Slides : PhD Timeline



Backups Slides :

40


