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 Appendix 2: Supporting information for Chapter 2 
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 Appendix 3: Supporting information for Chapter 3 
Extraction, desalting and characterisation of naturally occurring organic matter 

(NOM) from an organic-rich water of a brook of the Swiss Jura Mountains 

Extraction 

The water was sampled at the Noiraigue Bied brook of the Swiss Jura Mountains and filtered 

through a 0.5 μm Milligard® cartridge filter at the spot. 15 L of water were adjusted to pH 

2.0 with 5 M HCl and pumped on a DAX-Supelite column at 1 mL min-1 flow rate (Omnifit of 

10 mL; d = 1 cm; h = 10 cm; 1 mL min-1). NOM was extracted on the head of the column. 

Desalting 

The column was washed with water (about 20 mL), controlling from time to time with an 

AgNO3 test the presence of chloride. The washing was stopped as soon as the formation of 

an AgCl precipitate stopped. The column is then turned bottom-top and the NOM was back-

extracted using 20 mL of 0.1 M NaOH. The NaOH solution was pumped on a Dowex AG50w-

x8 (Bio-Rad 30 mL; d = 1.5 cm; h = 14.5cm, H+ form, 1 mL min-1). From time to time, the pH 

was checked for acidity, meaning that cations are extracted on the column. The column was 

then washed with 3 x 10 mL of water. All the fractions were collected, freeze-dried, and kept 

in the refrigerator at 4 °C until used. 

Characterization 

Size exclusion chromatography: 5 mg of freeze-dried NOM were dissolved in 1 mL of 5 mM 

Na2B4O7 (5 mM and 0.5 mM Na4P2O7 in 25 mM Tris buffer at pH 8.3). The solution was 

loaded on a 1 m column (internal diameter of 0.5 cm) of Sephadex gel and the organic 

matter eluted with the same buffer. The output of the column was connected to a quartz 

Suprasil continuous flow UV-VIS cuvette inserted in a spectrophotometer with a wavelength 
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fixed at 254 nm. Chromatograms were calibrated for size with polystyrene standards of 3.5 

kDa and 40 kDa. Results of the size exclusion experiments are presented in Figure SI 1.  

 

Figure SI 1. Size exclusion chromatography of the NOM extracted from the organic-rich 

natural water. 

 Preparation of the Pu(V) standard solution 

Briefly, an aliquot of Pu was evaporated in a glass vial, the dry residue dissolved in 0.5 mL of  

0.1 M CH3COONa at pH 4.7. The vial was wrapped with aluminum foil to protect from light. 

0.05 mL of 0.01 M KMnO4 was then added to oxidize the Pu overnight. 2.5 mL of 0.1 M 

CH3COONa at pH 4.7 and 2.5 mL of freshly prepared 0.5 M 2-thenoyltrifluoroacetone (TTA) 

in cyclohexane were then added to the solution. The mixture was agitated in the dark for 5 

min to extract Pu (IV) and Pu (VI) into the organic phase. The water phase containing Pu (V) 

was then separated and Pu was measured in an aliquot by liquid scintillation counting in a 

Wallac 1220 Quantulus (PerkinElmer) ultralow level liquid scintillation (LSC) spectrometer. 
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We found about 80 % of the total Pu in the water phase following this extraction. Different 

authors acknowledge the relative stability of Pu (V) solutions up to several months.1,2 

Nevertheless, we used fresh Pu (V) tracer prepared shortly prior to each diffusion 

experiment. 

 Plutonium activity determination 

2 mL aliquots from the compartment B of the diffusion cell were collected throughout the 

experiment in 20 mL glass beakers and spiked with 1mL 242Pu yield tracer (25 mBq). Samples 

were subjected to several cycles of wet ashing with 2 mL of concentrated HNO3 on a hot 

plate at temperatures of 200°C-300°C. Finally, a dry residue is obtained after ashing on the 

hot plate at 400°C. The residue was dissolved in 5 mL of 8 M HNO3, 20 mg of NaNO2 were 

added and the solution was heated at 70 °C for 10 min. Plutonium was extracted on a 

quaternary amine-based anion exchange resin (TEVA) column, preconditioned with 8 M 

HNO3. After washing the column with 8 M HNO3 and 9 M HCl, plutonium was eluted with 9 

M HCl/0.1 M HI. The samples were evaporated on the hot plate with few mL of concentrated 

HNO3 until the brown iodine color disappeared. Plutonium was electrodeposited on a 

stainless steel disk from a NaHSO4-Na2SO4 buffer solution according to Bajo et al.1. The disks 

were counted during 864’000 s in an Alpha Analyst spectrometer on PIPS detector (450 

mm2) and analyzed with Apex Alpha software (Canberra, France). 

Polyacrylamide diffusive gel discs retrieved from the diffusion cell were subjected to the 

same procedure of wet ashing, radiochemical separation and electrodeposition prior to Pu 

analysis.  

239Pu (V) aliquots of water phase after liquid phase extraction of 239Pu (IV) with HDEHP were 

thoroughly mixed with Ultima GoldTM AB liquid scintillation cocktail to the final volume of 20 
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mL in a scintillation vial. 239Pu was measured by liquid scintillation counting in a PerkinElmer 

ultralow level liquid scintillation spectrometer Wallac 1220 Quantulus.      

Chelex resin gel discs retrieved from commercially available DGT devices were spiked with 1 

mL of 242Pu yield tracer (25 mBq) and wet ashed by microwave digestion under pressure of 

60 bars at 170°C in a Milestone MLS Ultraclave IV digester (MLS GmbH, Leutkirch, Germany) 

for 40 min in 20 mL of concentrated HNO3. After filtration through a 25 mm Nalgene-SFCA 

membrane, plutonium was extracted on TEVA resin, eluted and electrodeposited from a 

NaHSO4-Na2SO4 buffer solution according to Bajo et al. and analyzed as previously described.  

 Natural water sampling 

The Noiraigue Bied brook is located in the Vallée-des-Ponts of the Swiss Jura Mountains. The 

complex watershed of the valley is formed by densely drained peat bogs and a river (Grand 

Bied), which collects atmospheric waters from the catchment and flows into the karstic 

sinkhole, giving the Noiraigue spring about 400 m down the stream. Waters gathered from 

the organic-rich agricultural soils and peat bogs are enriched in humic substances and 

humics-complexed Fe-Ca colloids. Detailed study on natural colloids in the Noiraigue Bied 

Brook is given by Mavrocordatos et al. The main physico-chemical parameters were 

measured in our sampling campaign and are shown in Table SI 1.  
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Table SI 1. Main physico-chemical parameters of the natural water sampled on the 

26.05.2014 at the Noiraigue Bied brook and used for extraction of the NOM. pH, t °C and 

conductivity measured on-the-spot with universal pocket meter Multi 340i equipped with a 

standard conductivity cell TetraCon® 325.  

pH 7.4 

t°C +9.5°C 

Conductivity (μS/cm) 469 

Mg (ppm) 6.0 

Ca (ppm) 105.0 

K (ppm) 1.3 

Cl (ppm) 9.0 

NO3 (ppm) 4.5 

SO4 (ppm) 6.5 

DOM (ppm) 13.2 
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Diffusion coefficients of Pu (V) in the PAM gel 

 

 
Figure SI 2. Plot of normalized activities (mBq) of Pu diffused into the initially zero 

concentration compartment B of the diffusion cell as a function of time. Experimental data 

plots are given for Pu (V) in the MOPS buffered solution (red open circle), for a mixed Pu 

(IV)-Pu (V) model solution containing 31 ± 10 % of Pu (V) in the presence of 20 ppm of HA 

(green full circle) and Pu (V) in the presence of 20 ppm of HA (blue open triangle). The line 

shown for Pu (IV)-HA has been simulated using a diffusion coefficient of 0.50×10-6 cm2 s-1 

as determined previously.3  

The concentration of Pu determined in the PAM gel discs retrieved at the end of each 

diffusion experiment did not exceed 50 % of the Pu concentration in the initial (A 

compartment) solution. In experiments with 20 ppm of HA the Pu concentration in the PAM 

gel disc was 80 % of the initial Pu concentration. This indicates that there was no significant 

Pu-HA accumulation within the PAM gel during the time frame of the diffusion experiment 

(90-130 min).3 
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 Kinetics of 
239

Pu (V) reduction by HA 

 

Figure SI 3. Kinetics of 239Pu (V) reduction in presence of 20 ppm of HA studied in the A 

compartment of the diffusion cell at pH 6.5 and initial 239Pu (V) concentration 2.8 × 10-10 M. 

The reduction follows a first-order kinetics with k = 0.252 h-1 and t1/2 = 2.75 h. Uncertainties 

on 239Pu (V) concentration were calculated by a quadratic summation of relative uncertainty 

on the number of counts for 239Pu. 
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Details of experimental conditions for 
239

Pu (V) diffusion coefficient determination 

 

Table SI 2. Diffusion coefficient measurements of 239Pu (V) in the PAM gel. Experiments 

carried out in the two-compartment diffusion cell with single gel thickness of 0.39 mm in the 

10 mM MOPS buffered solution and in presence of 20 ppm of HA. 

 

Experimental conditions pH t °C C0 mBq mL-1 Sampling 
interval, min 

D×10-6 cm2s-1 

10 mM MOPS/10 mM Na2SO4 
239Pu (V) 80±10 % 

5.5 24 42.60 10 3.38±0.34 

10 mM MOPS/10 mM NaNO3 
239Pu (V) 79±10 % 

5.5 24 74.40 10 3.49±0.35 

10 mM MOPS/10 mM NaNO3 
239Pu (V) 87±10 %  

6.5 20 157.70 10 2.98±0.17a) 

10 mM MOPS/10 mM NaNO3/ 20 
ppm HA/239Pu (V) 35±10 %b)  

5.5 24 65.10 10 0.92±0.07 

10 mM MOPS / 10 mM NaNO3/ 
20 ppm HA/239Pu (V) 97±10 %c) 

6.5 20 152.60 10 1.33±0.12d) 

a) D recalculated for 24 °C is 3.29×10-6 cm2 s-1. 
b) The initial solution was equilibrated for 24 h to reach the steady state between 

239Pu (V) and 239Pu (IV). 
c) The solution was used in the experiment immediately after preparation. 

Reduction of 239Pu (V) by HA was studied in this experiment. 
d) Diffusion coefficient of 239Pu (V) in presence of 20 ppm HA was calculated with 

the first three points lying in the linear domain. D recalculated for 24 °C is 
1.45×10-6 cm2 s-1.  
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Diffusion of Pu (V) through PAM gel in a Pu (IV) – Pu (V) mixture 

 
Figure SI 3. Plot of 239Pu (V) activities (mBq) diffusing into the B compartment of the 

diffusion cell in a 239Pu (IV)-239Pu (V)-HA mixture. 239Pu (V) diffused at any point of time 

determined by subtraction of 239Pu (IV)-HA contribution from the total 239Pu measured 

experimentally.  
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Details of experimental conditions for ADBL measurements with 
238

Pu (IV) in 

presence of NOM 

 

Table SI 3. ADBL thickness measured for Pu (IV) and Co using DGT devices of 5 diffusive layer 

thicknesses. δ (cm) calculated according to Warnken et al.4  

Experimental conditions pH t °C C0 mBq 
mL-1 

Deployment 
time, h 

Pu-ADBL, 
cm 

Co-ADBL, cm 

10 mM MOPS/10 mM NaNO3 

Co2+ 2 μg L-1/239Pu (IV) 
7.0 22 0.44 53 0.06±0.005 0.05±0.006 

10 mM MOPS/10 mM Na2SO4 
Co2+ 4 μg L-1/238Pu (IV) 
NOM 20 ppm 

6.5 27 0.76 120 0.14±0.019 0.08±0.006 

10 mM MOPS/10 mM Na2SO4 
238Pu (IV) / NOM 20 ppm 

6.5 27 0.80 168 0.24±0.029 - 

10 mM MOPS/10 mM Na2SO4 
238Pu (IV) / NOM 20 ppm 

6.5 20 6.40 24 0.19±0.019 - 
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Kinetic signature of Pu (IV) 

 

Figure SI 4. Kinetic signature of Pu (IV). ADBL in the experiment without FA for Pu (0.49 ± 

0.05 mm) and Co (0.48 ± 0.06 mm) calculated using the plot given on Fig. 2-A. ADBL in the 

experiment with Pu (1.4 ± 0.19 mm) and Co (0.8 ± 0.06 mm) in presence of 20 ppm FA 

calculated using four first points of the linear domain of the plot given on Fig. 2-B. 
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Appendix 4: Supporting information for Chapter 4 
 

Precipitations regime during field measurements campaigns 

 

Table SI 1. Precipitations data for the Venoge spring catchment basin. Recorded at the 

station Bière (CH 1903), altitude 684 m asl, coordinates 515‘889 / 153‘207. 

 

Month / Year Sum monthly 
precipitations, mm 

Sum/Norm monthly 
precipitations, % 

Max of 
precipitations, mm 

April / 2014 57.70 64 11.60 
May / 2014 74.40 76 30.80 
June / 2014 90.80 87 30.40 
September / 2014 26.80  9.50 
October / 2014 123.60  49.40 
April / 2015 69.40 77 17.50 
May / 2015 117.40 112 60.70 
June / 2015 75.30 72 21.90 
July / 2015 47.90  18.70 
 

 

Table SI 2. Precipitations data for the Noiraigue Bied brook catchment basin. Recorded at 

the station Les Ponts-de-Martel (CH 1903), altitude 1052 m asl, coordinates 545‘880 / 

205‘400. 

Month / Year Sum monthly 
precipitations, mm 

Sum/Norm monthly 
precipitations, % 

Max of 
precipitations, mm 

April / 2014 113.00 100 37.70 
May / 2014 155.80 111 47.70 
June / 2014 104.20 82 48.80 
September / 2014 82.70 68 14.30 
October / 2014 109.00 85 15.50 
April / 2015 122.20 108 30.70 
May / 2015 128.00 91 46.80 
June / 2015 140.80 110 43.40 
July / 2015 75.30 59 27.80 
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 DGT deployments in the Venoge spring and Noiraigue Bied brook 

DGTs were deployed in duplicates (0.39 mm x 2 and 0.78 mm x 2) by suspending in 

the karstic Venoge spring or by fixing on the vertical support on the brook’s bed of the 

Noiraigue Bied. CDGT (µBq L-1) of 239Pu was calculated from the equation 1 (Cusnir et al., 

2016): 

�
� = �

�IJK�� (
∆	
�����

+ L
���)  (1), 

where A is the activity (µBq) of Pu accumulated in the binding phase (converted from the Pu 

concentration (at g-1) measured by AMS), Δg the diffusion layer (gel + filter membrane) 

thickness (cm), Dgel
M the diffusion coefficient of Pu in the PAM gel (cm2 s-1, taken from Cusnir 

et al. (2014), Dw
M the diffusion coefficient of Pu in water (Dw

M =  Dgel
M /0.85), δ the diffusive 

boundary layer (0.03 cm from Warnken et al., 2007), S the diffusion area (cm2), and t the 

duration of deployment (s). For calculation of CDGT of Pu in the Venoge spring we used the D 

for Pu (V) (Cusnir et al., 2016), and for calculation of CDGT of Pu in the Noiraigue Bied we used 

the D for Pu (IV), adjusted respectively to water temperature (Cusnir et al., 2015). 

Data from 2014 field campaign show relatively high uncertainties on 239Pu 

measurements. Indeed, the isotopic ratio 240Pu/239Pu measured with AMS for these samples 

was circa 0.02, due to a contamination of TEVA resin cartridges with a tiny amount of 239Pu. 

Nevertheless, the 240Pu results were unbiased and we were able to calculate the 239Pu 

content from the measured 240Pu, taking 0.18 as 240Pu/239Pu isotopic ratio for fallout 

plutonium. Thereafter (2015 field campaign) we used the AG 1-X4 anion exchange resin 

(chloride form) from Bio-Rad Laboratories Inc., which shows no 239Pucontamination, to 

measure the 239Pu and to validate our previous data based on 240Pu.  
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Table SI 3. DGT deployments in the Venoge spring. Uncertainties on CDGT were calculated 

using a quadratic summation of relative uncertainty on each of the parameters. The 

coverage factor was k = 1.  

Deployment 
dates 

(from-to) 

Precipitations 
sum, mm 

DGT thickness, 
mm 

239Pu average 
per DGT, μBq 

CDGT, μBq L-1 Cbulk average for 
deployment 

period, μBq L-1 

17.04.2014 
01.05.2014 

45.2 0.39 (n=2) 5.95±3.19 1.81±1.96 1.90±0.55 
(n=2) 0.78 (n=2) 2.52±1.14 2.26±2.07 

17.09.2014 
08.10.2014 

71.7 0.39 (n=2) 10.55±3.03 2.14±1.28 1.47±0.26 
(n=2) 0.78 (n=2) 8.11±1.98 2.45±1.29 

21.04.2015 
13.05.2015 

159.8 0.39 (n=1) 5.17±1.40 1.00±0.57 1.51±0.11 
(n=2) 0.78 (n=1) 2.43±0.99 0.70±0.59 

08.06.2015 
29.06.2015 

65.9 0.39 (n=2) 2.95±0.75 0.60±0.32 0.43±0.03 
(n=1) 0.78 (n=1) 2.09±0.43 0.63±0.29 

 

Table SI 4. DGT deployments in the Noiraigue Bied brook. Uncertainties on CDGT were 

calculated using a quadratic summation of relative uncertainty on each of the parameters. 

The coverage factor was k = 1.  

Deployment 
dates 

Precipitations 
sum, mm 

DGT 
thickness, 

mm 

239Pu average 
per DGT, μBq 

CDGT, μBq L-1 Cbulk average 
for 

deployment 
period, μBq L-1 

06.06.2014 
26.06.2014 

63.8 0.39 (n=1) 2.01±1.19 0.61±0.72  

17.09.2014 
08.10.2014 

68.5 0.39 (n=2) 9.67±2.03 2.79±1.30 3.27±0.65 
(n=2) 0.78 (n=2) 10.11±2.38 4.35±2.27 

10.06.2015 
02.07.2015 

76.4 0.39 (n=2) 1.78±1.32 0.49±0.27 0.96±0.04 
(n=2) 0.78 (n=2) 2.62±0.85 1.07±0.73 
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Main physico-chemical characteristics of water in the Venoge spring and Noiraigue 

Bied brook 

Table SI 5. Main physico-chemical characteristics of water measured in water in the 

Venoge spring and Noiraigue Bied brook during field campaign. 

Parameter Noiraigue Bied 

brook 

Venoge  

spring 

pH 6.5-7.5 6.5-7.5 

t °C 0 °C + 15 °C +5 °C +7.5 °C 

Conductivity (μS cm-1) 495-589 321-585 

Mg2+ (ppm) 4-6 4-5 

Ca2+ (ppm) 80-105 75-110 

K+ (ppm) 1-3 0.5-2 

Cl- (ppm) 5-9 3-4 

NO3
- (ppm) 4-6 4-5 

SO4
2-

 (ppm) 5-7 2-5 

NOM (ppm) 10-18 0-1.0 
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Sequential elution of Pu from aquatic mosses and plants 

Table SI 6. Distribution of 
239

Pu measured in different compartments of the aquatic moss 

Fontinalis antipyretica in the Venoge spring. 

 
239Pu, μBq g-1 fresh weight 

Fraction Location 1 Location 2 
Calcite (n=2) 3.53±0.09 17.82±0.40 
Extracellular (n=2) 1.04±0.04 3.08±0.09 
Intracellular (n=2) 0.48±0.05 1.32±0.55 
Residual (n=2) 1.16±0.04 8.41±0.22 
Sum of fractions 6.20±0.22 30.63±0.32 

Bulk (n=2) 7.33±0.16 23.14±0.53 
 

Table SI 7. Distribution of 
239

Pu measured in different compartments of the aquatic plant 

Phragmites australis in the Noiraigue Bied brook. 

 239Pu, μBq g-1 fresh weight 

Fraction Leaves Roots 
Calcite (n=2) 0.66±0.020 N/A 
Extracellular (n=2) 0.12±0.007 1.04±0.031 
Intracellular (n=2) 0.04±0.004 0.88±0.031 
Residual (n=2) 0.06±0.016 1.04±0.103 
Sum of fractions 0.87±0.047 2.95±0.165 
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Scheme SI 1. Sequential elution of Pu from a sample of aquatic plants or mosses. Pattern 

and color correspond to the fractions represented in Figure 3 of the main text. 
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WHAM7 calculation of the chemical speciation of Pu in natural water 

Table SI 8. Chemical speciation of Pu in the Noiraigue Bied brook water calculated using 

WHAM7. Input parameters taken from table SI 5, initial concentration of Pu 4.00 × 10-18 M. 

pH 

CO3
2-

, 

mg L
-1

 

FA, mg 

L
-1

 

[Pu(IV)(CO3)2]
0
, % Fraction bound to colloidal FA: 

Pu(IV), % 

6.50 90 15 48 52 
6.50 150 15 72 28 
6.50 90 18 44 56 
6.50 150 18 68 32 
7.00 90 15 84 16 
7.00 150 15 94 6 
7.00 90 18 82 18 
7.00 150 18 92 8 
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